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i x  
The r e s u l t s  of a one-year f a t i g u e  program t h a t  i s  supple-  
mental  t o  a previous  c o n t r a c t  are  p resen ted  i n  t h i s  f i n a l  r e p o r t .  
During t h e  program the fo l lowing  aluminum s t a i n l e s s  s t e e l  
and n i c k e l  s t r u c t u r a l  shee t  a l l o y s  were e v a l u a t e d  under t h e  cond i -  
t i o n s  noted .  
Aluminum Al loys  
2014-T6 
7039-T6 
7 106 -T6 
S t a i n l e s s  S t e e l  
A-286 
Nicke l  A l loys  
Incone l  718 
H a s t e l l o y  C 
T e s t  Condi t ions  
P a r e n t  (R = 0.01), Notch (Kt = 8.0) 
P a r e n t  (R = O.Ol), Notch K = 8.0) 
Pa ren t  (R = -1.0, 0 .01 ) ,  Notch ( K t  = 3.5), Weld 
( t  
P a r e n t  (R = -l.O), Notch ( K  = 3.5),  Weld 
t 
Pa ren t  (R = -l.O), Notch ( K t  = 3.5) ,  Weld 
Pa ren t  (R = -l.O), Notch (Kt = 3.5),  Weld 
P r o p e r t i e s  f o r  t hese  m a t e r i a l s  were determined a t  70, -320, 
7 and -423°F f o r  f a t i g u e  l i f e  i n  t h e  lo3 t o  10 c y c l e  range .  
Data o b t a i n e d  from the f i n a l  r e p o r t  of t he  prev ious  f a t i g u e  
c o n t r a c t ,  NAS8-2631, are  inc luded  i n  t h i s  r e p o r t  f o r  comparison. 
From a n  a n a l y s i s  of t h e  complied t e s t  r e s u l t s ,  t h e  fo l lowing  
materials a p p e a r  t o  b e  s a t i s f a c t o r y  f o r  c y c l i c  s e r v i c e  a t  c ryo-  
genic  tempera tures .  
Aluminum Al loys  S t a i n l e s s  S t e e l  Nicke l  Al loys  
2014-T6 321 Incone l  718 
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I .  INTRODUCTION 
S e l e c t i o n  of t h e  proper  m a t e r i a l s  f o r  b o o s t e r  and s p a c e  
v e h i c l e  systems t h a t  u s e  cryogenic  p r o p e l l a n t s  i s  a c h a l l e n g e  
because of t h e  behavior  of s t r u c t u r a l  m a t e r i a l s  a t  low tempera- 
t u r e s .  Rout ine mechanical  p r o p e r t i e s ,  such as t e n s i l e  and com- 
p r e s s i v e  s t r e n g t h ,  modulus of e l a s t i c i t y ,  and d u c t i l i t y  are  
u s u a l l y  determined t o  a s s e s s  t h e  behavior  of a c a n d i d a t e  mater ia l .  
Behavior under s t r e s s  c o n c e n t r a t i o n  and c y c l i c  l o a d i n g  c o n d i t i o n s  
must a l s o  be s t u d i e d  t o  e v a l u a t e  a p o t e n t i a l  material a d e q u a t e l y .  
Cryogenic l i t e r a t u r e  r e v e a l s  some d a t a  on t h e  r o u t i n e  proper -  
t i e s ,  but  t h e r e  i s  a s i g n i f i c a n t  l a c k  of r e l i a b l e  i n f o r m a t i o n  on 
f a t i g u e  o r  c y c l i c  l o a d i n g .  Cryogenic f a t i g u e  d a t a  on welded 
m a t e r i a l  a re  v i r t u a l l y  n o n e x i s t e n t .  The exper imenta l  program 
p r e s e n t e d  i n  t h i s  r e p o r t  was prepared  t o  f i l l  t h i s  requirement  
f o r  sound e n g i n e e r i n g  d a t a .  
F a t i g u e  t e s t s  can b e s t  be  d e s c r i b e d  by t h e  method used t o  
a p p l y  l o a d s .  Repeated loading  t o  b o t h  a c o n s t a n t - s t r e s s  ampli-  
t u d e  and a c o n s t a n t - s t r a i n  ampl i tude  a re  used .  With t h e  f i r s t  
method, d i r e c t  a x i a l  loading i s  employed, and w i t h  t h e  second,  
p lane  o r  r o t a t i o n a l  bending t e c h n i q u e s  a re  used .  For a x i a l  
t e s t i n g ,  t h e  e n t i r e  c r o s s  s e c t i o n  i s  uniformly loaded .  Stress  
i s  determined by l o a d l a r e a .  I n  bending,  t h e  s t ress  v a r i e s  
throughout  t h e  c r o s s  s e c t i o n  of t h e  t e s t  specimen, from a maxi- 
mum a t  t h e  o u t e r  f i b e r  through zero  a t  t h e  n e u t r a l  a x i s ,  t o  a 
maximum n e g a t i v e  v a l u e  a t  t h e  o p p o s i t e  o u t e r  s u r f a c e .  With t h i s  
t e c h n i q u e ,  s t r e s s  must b e  o b t a i n e d  by c a l c u l a t i n g  from t h e  moment 
formula ,  S = (Mc)/I. 
Although t h e s e  bending t e s t s  have been t h e  most popular  f a -  
t i g u e  techniques  i n  t h e  p a s t ,  t h e y  a r e  be ing  r e p l a c e d  by t h e  
a x i a l - l o a d i n g  method because of c e r t a i n  d isadvantages  i n  bending.  
AS shown by t h e  formula,  bending s t ress  i s  c a l c u l a t e d  w i t h  
t h e  bending moment and s e c t i o n  modulus. The bending moment, M y  
i s  a f u n c t i o n  of t h e  modulus of e l a s t i c i t y  of t h e  t e s t  material .  
Accuracy of t h e  s t ress  c a l c u l a t i o n  i s ,  t h e r e f o r e ,  d i r e c t l y  pro- 
p o r t i o n a l  t o  t h e  accuracy  of t h e  modulus v a l u e .  Although moduli  
of common e n g i n e e r i n g  m a t e r i a l s  a t  room tempera ture  a r e  known, 
t h e r e  i s  l i t t l e  informat ion  i n  t h e  l i t e r a t u r e  on v a l u e s  a t  c ryo-  
g e n i c  t e m p e r a t u r e s .  
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The endurance l i m i t  o b t a i n e d  by bending t e c h n i q u e s  may be as 
much as 30% h i g h e r  t h a n  v a l u e s  o b t a i n e d  by a x i a l  l o a d i n g .  A l -  
though t h e  reasons  f o r  t h i s  a r e  n o t  f u l l y  unders tood ,  c e r t a i n  
s t a t e - o f - s t r e s s  t h e o r i e s  have been proposed. One e x p l a n a t i o n  i s  
t h e  p o s s i b l e  development of  f a v o r a b l e  t r a n s v e r s e  s t resses  i n  t h e  
e l o n g a t e d  o r  compressed s u r f a c e  l a y e r s  and a n  o u t e r - l a y e r  r e s i s t -  
ance  t o  deformation caused by t h e  u n d e r l y i n g  material  d u r i n g  
bending load t e s t s .  
Another shortcoming of t h e  bending t e c h n i q u e  i s  t h a t  when 
p l a s t i c  y i e l d i n g  o c c u r s ,  s tresses i n  t h e  member cannot  be r e a d i l y  
c a l c u l a t e d .  Even i n  t e s t s  performed i n  t h e  e l a s t i c  range ,  minute  
l o c a l i z e d  p l a s t i c  deformat ion  may change t h e  o u t e r  f i b e r  s t ress .  
There i s  a g r e a t e r  chance of f a i l u r e  from minor s u r f a c e  de-  
f e c t s  i n  bending t h a n  i n  a x i a l  l o a d i n g .  These d e f e c t s  may a l s o  
c r e a t e  l a r g e r  s c a t t e r  w i t h  a l i m i t e d  number of specimens.  
I n  c a l c u l a t i n g  s t ress ,  t h e  s imple  moment formula can be used 
o n l y  on specimens f r e e  from h o l e s ,  g rooves ,  and o u t l i n e  o r  s u r -  
f a c e  d i s c o n t i n u i t i e s ,  such  a s  weld beads .  T h e r e f o r e ,  t o  e v a l u a t e  
t h e  bending f a t i g u e  of welded specimens,  i t  would be more d e s i r -  
a b l e  t o  machine t h e  weld bead f l u s h .  However, t h i s  would d e t r a c t  
from t h e  v a l i d i t y  of t h e  j o i n t  i n f o r m a t i o n  s i n c e  i t  e l i m i n a t e s  
s t ress  c o n c e n t r a t i o n s .  
The a x i a l  l o a d i n g  method w a s  s e l e c t e d  f o r  t h i s  program be- 
c a u s e  of t h e  s u p e r i o r i t y  of t h e  t e c h n i q u e  and i t s  a b i l i t y  t o  
s i m u l a t e  a n t i c i p a t e d  s t r u c t u r a l  l o a d s .  The a x i a l - l o a d i n g  machines 
u s e  a r o t a t i n g  mass t o  a p p l y  a c o n t r o l l e d  dynamic l o a d  s i n u s -  
o i d a l l y  about a s t a t i c - l o a d  l e v e l .  
Tension/compression t e s t s  of s h e e t  mater ia ls  under a x i a l  
l o a d i n g  a r e  n o t  o f t e n  performed, s i n c e  t h e s e  t e s t s  a re  normal ly  
r e s t r i c t e d  t o  b a r  m a t e r i a l s .  F o r t u n a t e l y ,  t h e  s h e e t  gage se-  
l e c t e d  by NASA al lowed complete  r e v e r s a l  o f  stresses w i t h o u t  
having  t o  r e s o r t  t o  t h e  bending t e c h n i q u e .  The s u c c e s s  of such  
a n  approach depends on t h e  f l a t n e s s  of t h e  s h e e t  p r o d u c t s  a v a i l -  
a b l e .  The aluminum, s t a i n l e s s  s t e e l ,  and n i c k e l  a l l o y s  used f o r  
t h i s  r e s e a r c h  were s u f f i c i e n t l y  f l a t  t o  permit  f u l l y  r e v e r s e d  
s t r es s i n g  . 
T e s t i n g  a t  l i q u i d  hydrogen t e m p e r a t u r e  w a s  conducted a t  t h e  
Denver l a b o r a t o r i e s .  A l l  equipment w a s  des igned  and c o n s t r u c t e d  
a t  t h i s  l o c a t i o n .  E v a l u a t i o n  of f a t i g u e  p r o p e r t i e s  a t  70 and 
-320'F was conducted a t  t h e  Bal t imore  l a b o r a t o r i e s .  
Mart i n  - CR- 6 5 - 7 0 3 
The expe r imen ta l  program d e s c r i b e d  i n  t h i s  r e p o r t  r e p r e s e n t s  
t h e  t h i r d  y e a r ' s  e f f o r t  of a program i n i t i a t e d  i n  A p r i l  1962, 
under  Con t rac t  NAS8-2631. The r e s u l t s  of t h e  f i r s t  two y e a r s '  
r e s e a r c h ,  conducted under  the above c o n t r a c t ,  were r e p o r t e d  i n  
Determina t ion  of Low-Temperature F a t i g u e  P r o p e r t i e s  of S t r u c t u r a l  
Metal Al loys ,  Martin-CR-64-74, d a t e d  October  1964. 
During t h e  NAS8-2631 work, t e s t i n g  equipment w a s  developed 
and a f a t i g u e  e v a l u a t i o n  of 11 materials w a s  performed f o r  v a r i o u s  
specimen c o n d i t i o n s  a t  tempera tures  f rom 70 t o  -423'F. The work 
performed d u r i n g  t h e  c u r r e n t  e f f o r t  i s  a f u r t h e r  s t u d y  of s e v e r a l  
mater ia l s  p r e v i o u s l y  i n v e s t i g a t e d ,  p l u s  e v a l u a t i o n  of  new composi- 
t i o n s .  
4 
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11. MATERIALS AND TEST PROGRAM 
Materials s e l e c t e d  f o r  e v a l u a t i o n  i n  t h i s  program i n c l u d e  
t h o s e  t h a t  a r e  b e i n g  c o n s i d e r e d  f o r  s t r u c t u r a l  s e r v i c e  a t  c ryo-  
g e n i c  temperatures .  
Material c o n d i t i o n  w a s  s e l e c t e d  t o  g i v e  t h e  h i g h  s t r e n g t h  
l e v e l s  normally c o n s i d e r e d  f o r  a e r o s p a c e  c o n s t r u c t i o n .  
t e s t  c o n d i t i o n s  used f o r  t h i s  program were unnotched, no tched ,  
and welded. 
Specimen 
The m a t e r i a l s  s e l e c t e d  f o r  e v a l u a t i o n  d u r i n g  t h e  p a s t  y e a r ' s  
e f f o r t  a r e  l i s t e d  i n  Table  1. 
are  given i n  Table  2. 
Chemical a n a l y s e s  f o r  t h e s e  a l l o y s  
Aluminum, s t a i n l e s s  s t ee l ,  and n i c k e l  a l l o y s  were welded w i t h  
t h e  tungsten i n e r t  gas  (TIG) process  and a u t o m a t i c  weld ing  heads.  
Table  3 l i s t s  d e t a i l s  of t h e  procedure used  f o r  each m a t e r i a l .  
A l l  weld pane ls  were r a d i o g r a p h i c a l l y  i n s p e c t e d .  The aluminum 
p a n e l s  exceeded t h e  Class I1 requi rements  of  MSFC Drawing 
10509310. Weld q u a l i t y  approximated t h e  requi rements  d i s p l a y e d  
i n  t h e  NASA s p e c i f i c a t i o n s  f o r  Class I welds.  S i m i l a r l y ,  t h e  
s t a i n l e s s  s t e e l  and n i c k e l  a l l o y s  were of  h i g h  q u a l i t y .  
The t e s t  program f o r  t h e  p a s t  y e a r  and a review of  t h e  p r e -  
v i o u s  work a r e  l i s t e d  i n  Table  4 .  
Table 1 L i s t  o f  Materials S e l e c t e d  f o r  Exper imenta l  Program 





S t a i n l e s s  
S t e e l  
S t a i n l e s s  
S t e e l  
Nicke l  
Nicke l  





A- 28 6 
(AMs-5525) 
Inconel  718 





Ann ea 1 e d 
S o l u t i o n  - 
T r e a t e d  
S o l u t i o n  - 
T r e a t e d  
S o l u t i o n  - 
T r e a t e d  
Nominal 
Th i c kne s s 












R e  pub 1 i c  
E a s t e r n  
S t a i n l e s s  S t e e l  
I n  t e r n a  t i o n a  1 
N i c k e l  
Haynes D i v i s i o n  




E - 9343 2 


























m m  
O N  
0 0 0 0  
U u u  
M M  rnrn m o  - 0  
0 0 0  0 0  0 0  0 0  
U 
I 
I 9“. ”.“. 12 9“. 3 O I  
0 U0 0  u u  
M M O M  
N N rl N m M  4-4 
0 0 0 0 m.3 0- m.3 
. .  . . ” ?  
0 0 0 0 0 
U u u  U U 0 U
0 0 0 0 
U u u  U 
o m  0 
mVI  ern VI- 0 0 -IN 0 
0‘9 9 9  rn?  ”. “. “.? ”. 
VI 0 0  
1 y‘9 
0 no I 
I 
I II I I I I  I 
o m o  
ur.  
v o  rl 0 
rD 
. ? ?  I I 
I 
I “ . ?  “. 




? 9 ” ?  ? 
-l 




? ? ” ?  ‘9 
m d m N  rD 
” N M  VI 
o m o  d 
9 ‘ 9 “ .  ‘9 ” 0 0  0 
0 0 0  m 
N ” 0  0 
9 ? “ .  4 
-3 
m M . 3  M 
0 0 0  0 
9 9 9  9 
3 
-l 
2 - 1 3  4 4  4 
2 3  2 .rl 
LE 8 8  8 
w I 
” 
9 4 5 9 4 5 5  
.E; .E; .E; .r( e .E; .E; .E; 
Q Q Q Q Z C Q  
rl S j j j 5 2 2  
6 * 
Martin-CR-65-70 
T a b l e  3 Welding Procedure f o r  S t a i n l e s s  S t e e l ,  Nickel ,  and 7106 Aluminum Alloys 
A-286 S t a i n l e s s  
S t e e l  
Alloy 
H a s t e l l o y  W 





( i n . )  
90 
60 
a s t e l l o y  C Nickel 
Aluminum 
0.062 
H a s t e l l o y  C 
X5180 
1Inconel 718 Nickell 718 I 0.062 
0.062 
0.096 
M a t e r i a l  
~ ~~ ~~ 
20 14-T6 
2 219 -T87 
22 19 -T6 2 
70 3 9 -T6 
7106-T6 
5456-H343 
70 7 5 -T6 
20 20 -T6 
Ti-5A1-2.5Sn 
Ti-6A1-4V 
T i -  13V- 1 1 C r  -3A1 
A I S 1  321 
A-286 
Inconel  7 1 8  
Has te l loy  C 
11.5 70 
13 I 110 
Table 4 Test Program f o r  P a s t  Year 
Speed 
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9:Work performed under Con t rac t  NAS 8-2631. 
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111. SPECIMENS 
7 
T e n s i l e  specimens were machined t o  s p e c i f i c a t i o n s  shown i n  
F i g .  1 and des igned  s p e c i f i c a l l y  f o r  u se  w i t h  t h e  m u l t i p l e - l i n k -  
age system d e s c r i b e d  by Keys (Ref 1).  
Unnotched and welded f a t i g u e  specimens were machined accord-  
i n g  t o  t h e  s k e t c h  i n  F i g .  2a.  Aluminum specimens were machined 
t o  0 .375- in .  gage wid th  (A dimens ion) ,  and s t a i n l e s s  s t e e l  and 
n i c k e l  m a t e r i a l s  t o  a gage w i d t h  of  0.200 i n .  I n  c o n t r a s t  t o  t h e  
u s u a l  f a t i g u e  specimen shapes,  t h e  specimen d e s i g n  i n c o r p o r a t e s  
a s t r a igh t - co lumn t e s t - g a g e  s e c t i o n .  A c o n s t a n t - w i d t h  t e s t  s e c -  
t i o n  was s e l e c t e d  t o  permit p rope r  e v a l u a t i o n  o f  weld bead and 
h e a t - a f f e c t e d  zone i n  a sho r t  column l e n g t h .  
Notched specimens were machined acco rd ing  t o  s p e c i f i c a t i o n s  
i n  F i g .  2b.  A no tch  d e p t h  of  33% was used .  Notch specimens 
were machined w i t h  an  e l a s t i c  s t r e s s  c o n c e n t r a t i o n  f a c t o r  
o f  3 .5  o r  8 .0 .  S t r e s s  c o n c e n t r a t i o n  f a c t o r s  were c a l c u l a t e d  
acco rd ing  t o  t h e  d a t a  o f  Pe terson  (Ref 2 ) .  
(Kt> 
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Mart in -CR-65 -70 - p-7 15/16 f 1/16 Stock Size 
+o. 002 
0'750 -0.000 Dia ' i  1 T U . W ; ) W  t-zl i o .  030 5 0.030 1.12 +_ 0.030 Rad1 
0.75 5 0.015 Rad I I 
+ 0.002 0.750 - ooo Dia 
Thru 2 places 
7 15/16 f 1/16 Stock Size 
1.12 ? 0.030 0.25 f 0.03 Rad 
2 Places 
1 11/16 f 1/16 
Size f0.015 
I I T I I  
5.500 f 0,010 
60 
Optional f o r  Machining 
-@ -1 -d-  
Weld Optional 'A x. -- I 
Thru & of Holes 
--- 
k-5.0 i 0.030-4 
(a) Parent and Weld Tensile Specimen 
(b) Notched Tensile Specimen 
F i g .  1 Specifications for Tensile Specimens 
9 
Mar t i n  -CR -65 -7 0 
5.19 f 0.060 Stock Size- 
5.00 +_ 0.030- 
D r i l l  & Ream 
0.375 +- 0.0005 
k 2 . 7 5 0  2 0 . 0 0 5 4  -b/ 
;A< Weld Must be 
Centered Within 0.030 
Detail f o r  Welded Specimens a 
C 0.500 
t o .  010 
Note: When "A" = 0.200, 9" = 1.250. 
When "A" = 0.375, %" = 1.125. 
-
(a )  Unnotched and Welded Specimen 
I 640 *chine 
5.19k0.060 Stock Size 
D r i l l  and Ream-- 
0.375+0.0005 
Typ 6 Places 
Option 
ttch Radius 
When "A" = 0.600, "B" = 0.400 
i o  .001. 
When "A" = 0.375, "B" = 0.250. 
Notch roo t  cen ter  l i n e s  IA.0.003. 
i0 .005 
(b)  Notched Specimen 
Fig. 2 Speci f ica t ions  f o r  Fatigue Specimens 
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I V  . TEST APPARATUS , FACILITIES, AND TEST PROCEDURE 
A.  TEST APPARATUS 
The f a t i g u e  t e s t  a p p a r a t u s  used f o r  t h i s  work i s  d e s c r i b e d  i n  
Ref 3 and 4 .  A cutaway view of the  c r y o s t a t  assembly i s  shown i n  
F i g .  3 .  The d e s i g n  i n c o r p o r a t e s  a vacuum-insulated,  double-wal ledy  
s t a i n l e s s  s t e e l  c o n t a i n e r  w i t h  a t u b u l a r  l o a d i n g  stem t h a t  p a s s e s  
t h r o u g h  i t s  c e n t r a l  a x i s .  Another t u b u l a r  l o a d i n g  stem p a s s e s  
t h r o u g h  the  c r y o s t a t  l i d .  The t e s t  specimen i s  gr ipped  between 
t h e s e  two stems. The c r y o s t a t  mounts on t h e  r e c i p r o c a t i n g  p l a t e n  
o f  t h e  t e s t  machine and moves w i t h  t h e  p l a t e n  w h i l e  t h e  l i d ,  w i t h  
t h e  l i q u i d  supply  l i n e ,  v e n t  l i n e ,  and i n s t r u m e n t a t i o n  suppor t  
a t t a c h e d ,  remains f i x e d  t o  t h e  machine head frame.  
A d e t a i l e d  d i s c u s s i o n  o f  a l ignment  and assembly i s  g i v e n  i n  
Ref 3 .  
B .  FACILITIES 
Photographs and d e t a i l e d  d i s c u s s i o n  o f  t he  f a c i l i t y  f o r  l i q u i d  
n i t r o g e n  and l i q u i d  hydrogen t e s t i n g  a r e  i n  Ref 3 .  
C .  TEST PROCEDURE 
Procedure f o r  t e n s i o n  and f a t i g u e  t e s t i n g  i s  t h e  same a s  p r e -  
v i o u s l y  descr ibed  f o r  t h e  work performed under  C o n t r a c t  NAS 8-2631 
(Ref 3 ) .  
11 Mar t i n  -CR -6 5 - 70 
Fig .  3 Cutaway View of Cryos t a t  Assembly Mounted 
i n  Fa t igue-Tes t ing  Machine 
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V .  EXPERIMENTAL RESULTS 
Tension t e s t i n g  a t  a l l  t empera tu res  and l i q u i d  hydrogen f a -  
t i g u e  t e s t i n g  were performed a t  t h e  Denver f a c i l i t y .  F a t i g u e  
t e s t i n g  a t  room and l i q u i d  n i t r o g e n  t empera tu res  was performed 
a t  t h e  Bal t imore D i v i s i o n .  
A .  TENSION TESTS 
Tension t e s t s  were performed a t  70 ,  -320, and -423°F t o  pro-  
v i d e  d a t a  on u l t i m a t e  s t r e n g t h ,  y i e l d  s t r e n g t h ,  e l o n g a t i o n ,  mod- 
u l u s  o f  e l a s t i c i t y ,  no tch  s t r e n g t h ,  and weld s t r e n g t h .  
T r i p l i c a t e  t e s t s  were performed f o r  each  c o n d i t i o n .  R e s u l t s  
o f  t h e s e  t e s t s  a r e  shown i n  F i g .  4 t h r u  15 .  D e t a i l e d  t e s t  d a t a  
a r e  g iven  i n  Appendix A .  Data from Con t rac t  NAS 8-2631 a r e  i n -  
c luded  with t h e  c u r r e n t  d a t a  t o  provide  complete  p r o p e r t y  i n f o r -  
mat ion fo r  t h e  e n t i r e  3 -y r  e f f o r t .  
B .  FATIGUE TESTS 
Fat igue  t e s t s  were performed t o  provide  S-N diagrams a t  70,  
-320, and -423°F. A s t r e s s  r a t i o  (R) o f  -1 was used f o r  a l l  
aluminum, s t a i n l e s s  s t e e l ,  and n i c k e l  a l l o y  specimens.  The 
t i t a n i u m  specimens were not  s u f f i c i e n t l y  f l a t  t o  permit  f u l l y  
r e v e r s e d  s t r e s s i n g  and were t e s t e d  under  t e n s i o n / t e n s i o n  load ing  
a t  a s t r e s s  r a t i o  of 0 .01 .  I n  a d d i t i o n ,  t h r e e  of  t h e  aluminum 
a l l o y s  (2014-T6, 7039-T6, and 7106-T6) were a l s o  t e s t e d  a t  a 
s t r e s s  r a t i o  of 0 .01  t o  provide  s u f f i c i e n t  d a t a  t o  de te rmine  
t h e  e f f e c t  o f  s t r e s s  r a t i o .  
Notched specimens c o n t a i n i n g  an e l a s t i c  s t r e s s  c o n c e n t r a t i o n  
f a c t o r  (Kt)  of 3.5 were t e s t e d .  
sha rpness  on f a t i g u e  b e h a v i o r ,  two aluminum a l l o y s  (2014-T6 and 
7039-T6) were a l s o  eva lua ted  w i t h  a s h a r p e r  n o t c h ,  Kt = 8 .0 .  
To de te rmine  t h e  e f f e c t  of  no tch  
Fa t igue  t e s t  r e s u l t s  a r e  g iven  i n  F i g .  16  t h r u  53 .  C i r c l e s  
a r e  used t o  denote  d a t a  p o i n t s  of specimens t e s t e d  f o r  t h e  f i r s t  
t ime .  Discont inued specimens a r e  i d e n t i f i e d  by an arrow extend - 
i n g  t o  the r i g h t .  Re-runs of d i s c o n t i n u e d  specimens a r e  shown by 
square  symbols. D e t a i l e d  t a b u l a r  p r e s e n t a t i o n s  of t h e s e  d a t a  a r e  
g iven  i n  Appendix B .  Data from Con t rac t  NAS 8-2631 a r e  inc luded  





































































Fig. 5 Tensile Properties of 7039-T6 Aluminum Alloy at  Cryogenic 
Temperatures 
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F i g .  9 T e n s i l e  P r o p e r t i e s  of 5456-H343 Aluminum A l l o y  a t  Cryogenic  Tempera tures  
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Fig. 11 Tensile Properties of 2020-T6 Aluminum Alloy at Cryogenic Temperatures 
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a F i g .  1 5  Tensile Properties of Hastelloy C Nickel Alloy a t  Cryogenic Temperatures 
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Fig .  16  Fa t igue  P rope r t i e s  of Unnotched 2014-T6 Aluminum Alloy 
(R -1) 
26 Mar t i n  -CR -65 -7 0 
F i g .  1 7  Fa t igue  P r o p e r t i e s  of Unnotched 2014-T6 Aluminum A l l o y  
(R = 0.01) 
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F i g .  18 Fa t igue  P r o p e r t i e s  of Notched 2014-T6 Aluminum Al loy  
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V I .  D I S C U S S I O N  OF RESULTS 
A .  ALUMINUM ALLOYS 
Of t h e  seven aluminum composi t ions used i n  t h i s  s t u d y ,  f i v e  
a r e  be ing  used o r  have been c o n s i d e r e d  f o r  c ryogenic  s e r v i c e .  
These a l l o y s  a re  2014, 2219, 7039, 7106, and 5456. The o t h e r  two 
composi t ions ,  2020 and 7075, have n o t  been c o n s i d e r e d  p r i m a r i l y  
because t h e y  are  nonweldable g r a d e s .  I n  a d d i t i o n ,  t h e  7075 ex- 
h i b i t s  poor toughness  c h a r a c t e r i s t i c s  a t  c ryogenic  tempera tures .  
However, t h e s e  l a s t  two composi t ions were i n c l u d e d  i n  t h e  s t u d y  
f o r  comparison. 
1. Tens i o n  P r o p e r t i e s  
The mechanical p r o p e r t i e s  of t h e  2014-T6 and 2219-T87 a l l o y s  
( F i g ,  4 and 7 ,  r e s p e c t i v e l y )  are  s imilar  and i n  s u b s t a n t i a l  a g r e e -  
ment w i t h  t h e  d a t a  of o t h e r s  (Ref 3 and 4 ) .  These a l l o y s  are  
c h a r a c t e r i z e d  by a g r e a t e r  tempera ture  dependence of s t r e n g t h  
from -320 t o  -423°F than from 70 t o  -320°F. Y i e l d  and weld 
s t r e n g t h s  show a r e l a t i v e l y  c o n s t a n t  r a t e  of i n c r e a s e  w i t h  de-  
c r e a s i n g  t e m p e r a t u r e ,  E longat ion  i n c r e a s e s  approximate ly  50% 
from 70 t o  -423°F. The p r i n c i p a l  d i f f e r e n c e  i n  p r o p e r t i e s  of 
t h e s e  a l l o y s  i s  t h e  s i g n i f i c a n t l y  lower y i e l d  s t r e n g t h  i n  t h e  
2219-T87 a l l o y .  The notch s t r e n g t h  r a t i o  v a l u e s  a r e  q u i t e  h i g h .  
However, most aluminum a l l o y s  e x h i b i t  good n o t c h  toughness  w i t h  
t h e  r e l a t i v e l y  low s t r e s s  c o n c e n t r a t i o n  f a c t o r  (Kt = 3.5) used 
f o r  t h i s  work. 
The 7039-T6 ( F i g .  5) e x h i b i t s  t h e  c h a r a c t e r i s t i c  i n c r e a s e s  
i n  unnotched t e n s i o n  p r o p e r t i e s  observed f o r  t h e  2014 and 2219 
a l l o y s .  Notch p r o p e r t i e s  a r e  a l s o  s imilar .  Unl ike  t h e  2014 and 
2219 a l l o y s ,  w e l d  s t r e n g t h  does n o t  i n c r e a s e  s i g n i f i c a n t l y  w i t h  
d e c r e a s e  i n  tempera ture .  
The behavior  of t h e  7106-T6 a l l o y  ( F i g .  6) i s  a lmost  i d e n t i -  
c a l  w i t h  t h a t  of t h e  7039-T6 a l l o y  f o r  p a r e n t  m e t a l  and notch  
p r o p e r t i e s .  Weld s t r e n g t h  p r o p e r t i e s  a re  h i g h e r  t h a n  f o r  t h e  
7039-T6. Weld s t r e n g t h  d e c r e a s e s  s l i g h t l y  from -320 t o  -423°F. 
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The 2219-T62 alloy (Fig. 8) exhibits significantly lower 
strength, particularly yield strength, than the 2219-T87 composi- 
tion. This difference results from the absence, in the 2219-T62 
temper, of postsolution heat treatment straining used to achieve 
additional aging response in the 2219-T87 temper. Ductility in- 
creases with reduction in temperature, as in the 2014-T6 and 
2219-T87 alloys. Weld strength is comparable to that of the 
2219-T87. Notch toughness is maintained at high levels down to 
-423 OF. 
The 5456-H343 alloy (Fig. 9) exhibits approximately 20% lower 
The ratio of yield/ ultimate strength than the 2014-2219 alloys. 
ultimate strength is rather low. Elongation is relatively inde- 
pendent of temperature. At 70 to -320"F, weld strength increases, 
but then decreases with further temperature reduction. This de- 
crease in weld strength and flat ductility curve suggests loss of 
toughness at low temperatures. The notch data show good retention 
of toughness down to -423°F. However, the stress concentration 
(Kt) is not great, 
(Kt = 6.3-8 sharper notches 
alloy at -423°F than for the 2000 series alloys. 
Results of other studies (Ref 3 and 5) using 
have shown lower toughness for this ) 
The 7075-T6 material (Fig. 10) shows evidence of the onset of 
brittle action at -423°F. Ultimate and yield strengths flatten 
out between -320 and -423°F. 
of temperature. Notch tests show a moderate l o s s  af toughness 
with reduction in temperature. Data obtained by Christian and 
Watson (Ref 6) using a sharper notch show a significant loss of 
toughness at low temperatures. 
Elongation is relatively independent 
The 2020-T6 alloy (Fig. 11) shows very high strength pro- 
perties. Room temperature ultimate strength is equal to the 
strength of 5456-H343 at -423'F. Although this composition is 
expected t o  exhibit poor toughness at cryogenic temperatures, 
the limited evaluation is not sufficient to detect such behavior. 
Tensile ductility increases to approximately 10% at -423°F. 
Modulus data for the seven alloys are given in Fig. 54.  Room- 
temperature results are slightly lower but agree within 4% with 
data obtained f r o m  the Aluminum Association and from producers. 
Published data are compared with the experimental data tabulated 
on page 66. 
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The h ighes t  modulus m a t e r i a l  i s  t h e  2020 composi t ion .  When 
i n t r o d u c e d ,  t h i s  composi t ion w a s  r e p o r t e d  t o  e x h i b i t  a 10% i m -  
provement over  e x i s t i n g  a l l o y s .  However, subsequent  s t u d y  showed 
i t  t o  b e  approximately 5%. N e v e r t h e l e s s ,  t h i s  l e v e l  i s  s t i l l  
h i g h e r  than almost  a l l  o t h e r  aluminum a l l o y s .  
There a r e  i n s u f f i c i e n t  r e l i a b l e  d a t a  i n  t h e  l i t e r a t u r e  t o  
c o n f i r m  the  c ryogenic  modulus d a t a .  
2. F a t i g u e  P r o p e r t i e s  
F a t i g u e  d a t a  f o r  t h e  aluminum a l l o y s  are p r e s e n t e d  i n  t h e  
f i g u r e s  and t a b l e s  l i s t e d  i n  t h e  f o l l o w i n g  t a b u l a t i o n .  
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a .  2014-T6 
The unnotched 2014-T6 a l l o y  f o r  a s t ress  r a t i o  (R) of -19; 
e x h i b i t s  increased  s t r e n g t h  f o r  10 c y c l e  l i f e  of approxi -  
mate ly  300% w i t h  r e d u c t i o n  i n  tempera ture  from 70 t o  -423°F. 
A s  n o t e d  f o r  s t a t i c  behavior ,  s t r e n g t h e n i n g  i s  g r e a t e s t  
between -320 and -423°F. The f a t i g u e  r a t i o t  i n c r e a s e d  
from 0.23 t o  0.48 w i t h  r e d u c t i o n  i n  tempera ture .  The 
c u r v e s  o b t a i n e d  a t  70 and -423°F were s i g n i f i c a n t l y  
f l a t t e r  t h a n  t h e  -320°F c u r v e ,  which showed a s l i g h t  
knee.  Although the  reason  f o r  t h i s  i s  not  known,'a 
s l i g h t  misalignment may be r e s p o n s i b l e .  T e s t i n g  on 
s i m i l a r  aluminum a l l o y s  a t  -320°F d u r i n g  t h e  second 
y e a r ' s  e f f o r t  d i d  no t  show t h i s  b e h a v i o r .  Alignment 
accuracy  achieved d u r i n g  t h e  second y e a r  i s  b e l i e v e d  
s u p e r i o r  t o  t h a t  a t t a i n e d  d u r i n g  t h e  f i r s t  y e a r .  
6 
Unnotched 2014-T6 t e s t e d  i n  t h e  t e n s i o n - t e n s i o n  range  
(R = 0.01) showed a s t r e n g t h  i n c r e a s e  f o r  l o 6  c y c l e  l i f e  
w i t h  r e d u c t i o n  i n  t e m p e r a t u r e  s i m i l a r  t o  t h a t  shown f o r  
t h e  R = -1 c o n d i t i o n .  S t r e n g t h  l e v e l s  were 150 t o  200% 
h i g h e r  t h a n  s i m i l a r  t es t s  conducted under f u l l y  r e v e r s e d  
s t r e s s i n g .  A modif ied Goodman diagram c o n s t r u c t e d  from 
t h e  d a t a  o b t a i n e d  f o r  t h e  two stress r a t i o s  i s  g i v e n  i n  
F i g .  55. A t  70°F, t h e  stress ampl i tude  (Sa)  appears  t o  
b e  v i r t u a l l y  u n a f f e c t e d  by t h e  presence  of a mean stress 
(S  ). m 
d e c r e a s e  i n  s t r e s s  ampl i tude  w i t h  i n c r e a s i n g  mean stress 
i s  observed.  
a lmost  l i n e a r  decrease  of t h e  f a t i g u e  l i f e  c u r v e .  
However, a t  -320 and -423"F, t h e  c h a r a c t e r i s t i c  
A t  -423'F, t h e  Goodman diagram shows a n  
*Unless o t h e r w i s e  noted, a l l  f a t i g u e  t e s t s  a r e  f o r  s t r e s s  
r a t i o  (R) = -1. 
S ,  ( f a t i g u e  s t r e n g t h  a t  N c y c l e s )  
I\ t F a t i g u e  r a t i o  = 
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Notch f a t i g u e  t e s t i n g  a t  two s t ress  c o n c e n t r a t i o n s  
(Kt  = 3.5 and 8 .0)  showed similar S-N diagrams. 
t h e  curves  f o r  the  two K l e v e l s  were a lmost  c o i n c i d e n t a l .  
Tes t  r e s u l t s  o b t a i n e d  a t  -320°F a l s o  showed c o i n c i d e n t a l  
curves .  A t  l i q u i d  hydrogen tempera ture  (-423OF), t h e  curve  
f o r  t h e  s h a r p e r  notch (Kt  = 8.0) w a s  s l i g h t l y  lower t h a n  
observed f o r  t h e  m i l d e r  no tch  ( K  = 3.5); however, t h e  
d i f f e r e n c e  was smal l .  The n o t c h  s t r e n g t h  v a l u e s  were s i g -  
n i f i c a n t l y  lower t h a n  t h o s e  -obta ined  f o r  t h e  unnotched 
c o n d i t i o n .  The f a t i g u e  n o t c h  f a c t o r  ( K  * w a s  r a t h e r  poor ,  
p a r t i c u l a r l y  w i t h  r e d u c t i o n  i n  tempera ture .  A t  room t e m -  
p e r a t u r e ,  t h e  f a t i g u e  notch  f a c t o r  w a s  less t h a n  t h e  e las-  
A t  70°F, 
t 
t 
f >  
t i c  s t ress  
t h e o r y  and 
p e r a t u r e s ,  
ceeds K t '  
c o n c e n t r a t i o n  f a c t o r  ( Kt ). This  a g r e e s  w i t h  
publ i shed  r e s u l t s .  However, a t  c ryogenic  t e m -  
K i n c r e a s e s  and i n  a few cases a c t u a l l y  ex- 
The s i g n i f i c a n c e  of t h i s  w i l l  be  d i s c u s s e d  
€ 
l a t e r .  Note a l s o  t h a t  K. i n c r e a s e s  w i t h  number of c y c l e s  f 
(N) . 
Welded j o i n t s  a l s o  show a l o s s  of s t r e n g t h  compared t o  
t h e  unnotched m a t e r i a l .  However, comparing t h e  70°F 
s t a t i c  2014-T6 weld j o i n t  e f f i c i e n c y  (80%) w i t h  t h e  r a t i o  
of weld f a t i g u e  s t rength lunwelded  f a t i g u e  s t r e n g t h  (69%),  
a very  good r e t e n t i o n  of weld s t r e n g t h  under dynamic load-  
i n g  i s  e v i d e n t .  A t  c ryogenic  t e m p e r a t u r e s ,  a marked de- 
c r e a s e  i n  t h i s  s t r e n g t h  r a t i o  i s  n o t e d .  
; \Fatigue notch  f a c t o r  (Kf) = 
- f a t i g u e  s t r e n g t h  of unnotched specimens a t  N c y c l e s  - 
f a t i g u e  s t r e n g t h  o f  notched specimens a t  N c y c l e s  . 
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b. 7039-T6 
The unnotched 7039-T6 composition shows a significant 
amount of strengthening between 70 and -320°F in the 10 
to 10 cycle range under fully reversed stressing, but 
minor strengthening from -320 to -423°F. However, at 10 
cycles the -423°F curve flattens out and a greater 
strengthening is noted. The fatigue ratio (10 cycles) 
is excellent over the entire temperature range, increas- 




Unnotched tests in the tension-tension range (R = 0.01) 
were similar in shape to those performed under fully re- 
versed stressing. 
150% of the R = -1 levels. Figure 56 gives a modified 
Goodman diagram obtained for the two stress ratios. Un- 
like the data for 2014-T6 at 70"F, the Goodman diagram 
shows a decrease in stress amplitude with increasing 
mean stress component. 
Strength levels were approximately 
Notch fatigue testing at two stress concentrations 
(Kt = 3.5 and 8.0 
The K factors at room temperature showed a significant 
l o s s  of strength due to a notch. Reduction in tempera- 
ture resulted in even further loss of notch strength 
compared to unnotched properties. At 10 cycles for the 
K = 3.5 specimens (both -320 and -423"F), the K value 
was slightly above the calculated K As noted for pre- 
vious alloys K showed a general increase with number of 
cycles. 






Testing of welded specimens reveals the principal 
strengthening occurs between 70 and -320"F, as in the 
parent metal tests. Only minor strengthening occurs 
from -320 to -423°F. 
0.19 to 0.37 with lowering of temperature. 




Fully reversed stressing tests of unnotched 7106-T6 
aluminum showed a significant amount of strengthening 
between 70 and -320°F. Further temperature reduction 
from -320 to -423°F produced no additional strengthening. 
The fatigue ratio increases from 0.21 at 70°F to 0.47 at 
-320°F and then decreases slightly to 0.45 at -423'F. 
Tension-tension fatigue tests (R = 0.01) show curves 
similar in shape to those obtained at R = -1, but 
strength levels are somewhat higher for the tension- 
tension condition. Tests performed at -320°F exhibited 
significant strengthening over the 70°F data, particu- 
larly at the high cycle end of the curve. Fatigue data 
obtained at -423°F showed further strengthening in the 
low cycle range, but properties similar to,those in the 
-320°F curve in the 10 cycle region. A modified Goodman 
diagram constructed from the above results is presented 
in Fig. 57. 
6 
Notch fatigue testing was conducted only for the milder 
(Kt = 3.5). The K values at 70°F were notch condition 
low. Decreasing temperature caused only a slight in- 
crease in K The fatigue notch factors for the alloy 
at -423°F were the lowest of any aluminum composition 
evaluated in both the current and previous study, 
f 
f' 
Weld strength data obtained at 70 and -320°F showed a 
significant amount of scatter. However, the 70°F re- 
sults appear to be slightly lower than noted for other 
aluminum compositions. 
erties appear to be consistent with other aluminum alloys. 
The cryogenic weld fatigue prop- 
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FIG. 51 MODIFIED GOODMAN DIAGRAM FOR 7106-16 ALUMINUM ALLOY 
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d.  2219-T87 
Unnotched specimens of 2219-T87 a l l o y  show behavior  s imilar  
t o  t h a t  of t h e  2014-T6 except  t h a t  a h i g h e r  f a t i g u e  s t r e n g t h  
a t  70°F (10 
highes t  o b t a i n e d  a t  room tempera ture  f o r  a l l  t h e  aluminum 
a l l o y s  e v a l u a t e d .  The i n c r e a s e  i n  f a t i g u e  s t r e n g t h  w i t h  re- 
duc t ion  i n  tempera ture  i s  n o t  q u i t e  200%, somewhat lower 
than t h e  2014-T6 v a l u e .  AS a r e s u l t ,  t h e  f a t i g u e  r a t i o  a t  
l o w e r  t empera tures  i s  n o t  t h e  b e s t  of t h e  se r ies .  The 2014- 
T6 a l l o y ,  which has  s imilar  s t a t i c  s t r e n g t h e n i n g ,  e x h i b i t s  
a h i g h e r  f a t i g u e  r a t i o  a t  -423°F. A d e c r e a s e  i n  f a t i g u e  
r a t i o  i s  i n d i c a t e d  a t  -320'F; however, t h e  magnitude of 
t h i s  d e c r e a s e  i s  n o t  known because of t h e  u n c e r t a i n  f a t i g u e  
s t r e n g t h  a t  10 c y c l e s .  
6 c y c l e s )  i s  observed.  The f a t i g u e  r a t i o  i s  t h e  
6 
The knee a t  -320°F i s  a p p a r e n t ,  bu t  somewhat f l a t t e r  t h a n  
found i n  t h e  2014-T6. The p o r t i o n  of t h e  c u r v e  f o r  f a t i g u e  
l i f e  exceeding 10 c y c l e s  i s  p r e s e n t e d  as a s p r e a d  band 
because of c o n f l i c t i n g  d a t a  p o i n t s .  The lower p o r t i o n  of 
t h e  band g i v e s  a s t r e n g t h  l e v e l  lower t h a n  a t t a i n e d  a t  70°F. 
The upper s t ress  l e v e l ,  25,000 p s i ,  i s  c l o s e r  t o  t h e  a n t i c i -  
pated s t r e n g t h  based on comparison w i t h  d a t a  f o r  s imi la r  
composi t ions.  
5 
The r e s u l t s  of n o t c h  f a t i g u e  tes ts  (Kt = 3.5)  show behavior  
almost i d e n t i c a l  w i t h  t h e  2014-T6 a l l o y .  The s t r e n g t h e n i n g  
with r e d u c t i o n  i n  tempera ture  a t  t h e  lower c y c l e  p o r t i o n  of 
t h e  c u r v e  i s  even less  n o t i c e a b l e  t h a n  f o r  2014-T6. The 
f a t i g u e  n o t c h  f a c t o r  (Kf) i n c r e a s e d  from 2 .8  t o  5.0 (above 
t h e  K va lue)  w i t h  d e c r e a s i n g  t e m p e r a t u r e  a t  10 c y c l e s .  
A t  10 c y c l e s ,  a n  i n s i g n i f i c a n t  i n c r e a s e  from 1 . 6  t o  1.8 




The weld behavior  i s  c h a r a c t e r i z e d  by s i m i l a r l y  f l a t  curves  
showing major s t r e n g t h e n i n g  between -320 and -423'F. 
f a t i g u e  s t r e n g t h  a t  70'F (10 c y c l e s )  i s  s i m i l a r  t o  t h e  
value f o r  2014-T6, bu t  s u p e r i o r  a t  -423°F. The f a t i g u e  
r a t i o  (10 




c y c l e s )  i n c r e a s e s  f rom 0.20 t o  0 .28 as t e m p e r -  
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AS a n t i c i p a t e d ,  2219-T62 e x h i b i t s  s l i g h t l y  lower unnotched 
f a t i g u e  s t r e n g t h  p r o p e r t i e s  t h a n  i t s  companion material ,  
2219-T87. This  small  d e c r e a s e  i s  approximate ly  propor-  
t i o n a l  t o  t h e  lower s t a t i c  s t r e n g t h  of the  -T62 mater ia l .  
The knee observed f o r  2219-T87 and 2014-T6 a t  -320'F w a s  
n o t  a p p a r e n t  i n  t h i s  t e s t  series conducted d u r i n g  t h e  
second y e a r .  Curves a t  a l l  t h r e e  tempera tures  were r a t h e r  
f l a t ,  and q u i t e  similar i n  shape.  The f a t i g u e  r a t i o  was 
almost  i d e n t i c a l  t o  t h e  2219-T87 d a t a .  Unl ike  t h e  d a t a  
f o r  t h e  prev ious  a l l o y ,  where t h e  magnitude of t h e  de- 
c r e a s e  i n  f a t i g u e  r a t i o  w a s  u n c e r t a i n ,  t h i s  ser ies  shows 
a d e c r e a s e  of approximately 10% a t  -320°F. 
Notch f a t i g u e  tes ts  (Kt  = 3.5) showed s t r e n g t h e n i n g  w i t h  
r e d u c t i o n  i n  tempera ture  a t  10 c y c l e s .  The c u r v e s  con- 
verged r a p i d l y  and showed l i t t l e  t e m p e r a t u r e  dependency 
of s t r e n g t h  from lo4 through 10 c y c l e s .  The n o t c h  f a c t o r  
6 ( K f )  a t  10 
above t h e  K 
3 
6 
c y c l e s  i n c r e a s e s  from 2.4 t o  4 . 1  ( s l i g h t l y  
value)  w i t h  d e c r e a s i n g  tempera ture .  
t 
The behavior  of welded specimens a g r e e d  ex t remely  w e l l  
w i t h  t h a t  observed f o r  t h e  2219-T87 specimens.  S t r e n g t h s  
a t  10 c y c l e s  f o r  each tempera ture  agreed  w i t h i n  2 k s i .  
The shapes of t h e  cor responding  c u r v e s  were v e r y  s i m i l a r .  
This  behavior  i s  expected,  s i n c e  t h e  s t a t i c  weld behavior  
of as-welded 2219 i s  e s s e n t i a l l y  independent  of temper.  
The 10 
were t h e  h i g h e s t  a t t a i n e d  i n  t h e  aluminum weld s t u d i e s .  
6 
6 cyc le  s t r e n g t h  v a l u e s  of -T62 and -T87 a t  -423°F 
f .  5456-H343 
The behavior  of unnotched 5456-H343 i s  c h a r a c t e r i z e d  by 
t h e  -320'F knee observed d u r i n g  t h e  f i r s t  y e a r ' s  t e s t i n g .  
The s t r e n g t h  values  a t  10 c y c l e s  f o r  a l l  tempera tures  
are s i m i l a r  t o  those  o b t a i n e d  f o r  2014-T6. The f a t i g u e  
r a t i o  i n c r e a s e s  from 0.28 a t  70'F t o  0.53 a t  -423°F. The 
-423'F v a l u e  is  t h e  h i g h e s t  a t t a i n e d  i n  t h e  t e s t i n g  of 
unnotched aluminum a l l o y s .  
s t r e n g t h  i s  s i m i l a r  t o  t h a t  found f o r  2014-T6, t h e  s t a t i c  
s t r e n g t h  i s  s i g n i f i c a n t l y  lower;  hence,  t h e  s u p e r i o r  f a -  
t i g u e  r a t i o .  
6 
Although t h e  -423'F f a t i g u e  
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Notch f a t i g u e  t e s t  r e s u l t s  f o r  t h e  mi ld  n o t c h  ( K  = 3 . 5 )  t 
showed r a t h e r  good r e t e n t i o n  of p r o p e r t i e s  a t  70°F as 
evidenced by a low K v a l u e .  A t  -320"F, t h e  K v a l u e s  
were q u i t e  h i g h ,  even f o r  t h e  s h o r t  c y c l e  t e s t s .  The 
l o s s  o f  n o t c h  p r o p e r t i e s  a t  -320°F w a s  worse t h a n  t h a t  
observed a t  -423°F. No r e a s o n  f o r  t h i s  anomalous be- 
havior  i s  a p p a r e n t .  
f f 
Tes t ing  of welded material  showed s i m i l a r l y  shaped f l a t  
6 
curves f o r  a l l  tempera tures .  S t r e n g t h e n i n g  a t  10 c y c l e s  
was g r e a t e r  between -320 and -423°F t h a n  from 7 0  t o  -320°F.  
The f a t i g u e  r a t i o  w a s  c o n s t a n t  a t  0 .22  f o r  b o t h  7 0  and 
-320°F and t h e n  i n c r e a s e d  t o  0.42 a t  -423°F f o r  a l l  a l u -  
minum a l l o y s  e v a l u a t e d .  
g .  7075-T6 
Unnotched f a t i g u e  behavior  of t h i s  composi t ion w a s  c h a r -  
a c t e r i z e d  by s i m i l a r l y  shaped,  s t e e p  c u r v e s .  The s t r e n g t h s  
6 
a t  10 c y c l e s  were among t h e  lowes t  o b t a i n e d .  The f a t i g u e  
r a t i o s  a t  70 and -320°F were t h e  lowes t  found i n  t h i s  
s tudy .  A t  -423"F,  t h e  f a t i g u e  r a t i o  ( 0 . 4 0 )  corresponded 
t o  t h e  v a l u e  o b t a i n e d  f o r  t h e  tougher  2000 ser ies  a l l o y s .  
However, a s t u d y  of  t h e  s t a t i c  t e n s i l e  r e s u l t s  shows a 
f l a t t e n i n g  of t h e  t e n s i l e  s t r e n g t h  between -320 and -423°F 
t h a t  s u g g e s t s  t h e  o n s e t  of b r i t t l e  b e h a v i o r .  T h e r e f o r e ,  
wi th  l i t t l e  s t a t i c  p r o p e r t y  s t r e n g t h e n i n g ,  t h e  f a t i g u e  
r a t i o  can  b e  d e c e i v i n g l y  good. 
Notch f a t i g u e  t e s t s  w i t h  a K of  3.5  showed good r e t e n -  t 
t i o n  of s t r e n g t h  a t  70"F ,  as evidenced by low K v a l u e s .  
However, a t  -320 and -423"F,  t h e  K v a l u e s  were a t  o r  
above t h e  l e v e l  of t h e  t h e o r e t i c a l  s t ress  c o n c e n t r a t i o n  
f a c t o r ,  s u g g e s t i n g  s e v e r e  l o s s  of n o t c h  toughness .  
f 
f 
h .  2020-T6 
The unnotched 2020-T6 a l l o y  showed s t r e n g t h  v a l u e s  com- 
p a r a b l e  t o  t h e  5456 composi t ion .  However, because  of  t h e  
much h i g h e r  s t a t i c  t e n s i l e  p r o p e r t i e s ,  2020-T6 e x h i b i t s  
r e l a t i v e l y  h i g h  f a t i g u e  r a t i o  v a l u e s .  The knee a t  -320'F 
i s  t y p i c a l  of o t h e r  aluminum a l l o y s  t e s t e d  d u r i n g  t h e  
f i r s t  y e a r .  
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A summary of unnotched t e s t  r e s u l t s  i s  p r e s e n t e d  i n  
Table  5 .  This  t a b l e  p r e s e n t s  t h e  f a t i g u e  s t r e n g t h  and 
f a t i g u e  r a t i o  a t  10 c y c l e s  f o r  each material i n  t h e  
p a r e n t  m e t a l  and welded c o n d i t i o n .  
t a t i o n  of  t h e  da ta  i s  g iven  i n  F i g .  58. 
6 
A b a r  g r a p h  presen-  
The d a t a  f o r  t h e  unnotched p a r e n t  metal  t e s t s  show t h a t  
t h e  two 2219 composi t ions and 7039-T6 e x h i b i t  t h e  h i g h e s t  
f a t i g u e  r a t i o  a t  room tempera ture .  A t  -423"F, t h e  2014- 
T6 and 5456-H343 a r e  s u p e r i o r .  The 7039-T6 and 7106-T6 
e x h i b i t  f a t i g u e  r a t i o s  of s l i g h t l y  lower l e v e l  w h i l e  t h e  
2219, 7 0 7 5 ,  and 2020 composi t ions  have t h e  lowest  r a t i o s  
a t  -423°F. 
The d a t a  f o r  welded a l l o y s  show t h a t  t h e  2219-T62 exhib-  
i t s  t h e  h i g h e s t  70°F f a t i g u e  r a t i o .  A t  -423"F, b o t h  
2219-T62 and 5456-H343 e x h i b i t  t h e  b e s t  b e h a v i o r .  
The n o t c h  d a t a  a r e  summarized i n  Table  6 and F ig .  59. 
S e v e r a l  i n t e r e s t i n g  t r e n d s  are  a p p a r e n t  from t h e s e  re- 
s u l t s .  According t o  f a t i g u e  t h e o r y  and most exper imenta l  
d a t a ,  t h e  e l a s t i c  s t ress  c o n c e n t r a t i o n  f a c t o r  
s t r u c t u r a l  m a t e r i a l s  exceeds t h e  f a t i g u e  n o t c h  f a c t o r  
( K f ) .  When Kt = K f ,  t h e  material  i s  as b r i t t l e  as theo-  
r e t i c a l l y  p o s s i b l e .  A rev iew of  t h e  room tempera ture  
d a t a  shows t h a t  K i s  always lower t h a n  K With reduc-  
t i o n  i n  tempera ture ,  t h e  K f 
c y c l e s  i n c r e a s e s .  I n  s e v e r a l  cases, p a r t i c u l a r l y  a t  
t '  -423"F, t h e  K va lue  i s  e q u a l  t o  o r  i n  excess  of t h e  K 
This  s u g g e s t s  t h a t  n o t c h  f a t i g u e  specimens become more 
b r i t t l e  w i t h  r e d u c t i o n  i n  temperature. ,  which a g r e e s  w i t h  
our  understanding of  c ryogenic  mechanical  p r o p e r t y  be- 
h a v i o r .  
(Kt) fo r  
f t '  
v a l u e  f o r  a g i v e n  number of 
f 
The anomalous behavior  of K exceeding K i s  d i f f i c u l t  f t 
t o  e x p l a i n .  Two p o s s i b i l i t i e s  exis t  f o r  t h e  e x p l a n a t i o n  
of t h i s  phenomenon. The f i r s t  i s  t h a t  t h e  t h e o r y  does 
n o t  apply  f o r  extremely low tempera tures .  The second i s  
t h a t  t h e  t e s t  method i s  n o t  comple te ly  adequate  t o  s t u d y  
t h e  s p e c i f i c  problem. 
7 8  
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Table 6 Comparison of Notched F a t i g u e  P r o p e r t i e s  f o r  Aluminum Alloys 
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K: I F a t i g u e  S t r e n g t h  K, 
19.6 12.8 10.6 3.68 4.31  3.60 
>k 
K t  = s t r e s s  c o n c e n t r a t i o n  f a c t o r .  
t F a t i g u e  no tch  f a c t o r  (K ) = 
f 
( f a t i g u e  s t r e n g t h  o f  unnotched specimens a t  N c y c l e s ) .  
( f a t i g u e  s t r e n g t h  of notched specimens a t  N c y c l e s )  
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Most f a t i g u e  t e s t i n g  i s  performed under more i d e a l  condi -  
t i o n s  of specimen p r e p a r a t i o n  and a l ignment .  The po l i shed  
round ba r  specimen would be expected t o  g i v e  somewhat more 
c o n s i s t e n c y  t h a n  t h e  s h e e t  gage specimen because of t h e  
a b i l i t y  t o  machire more a c c u r a t e  no tches .  
pa ins  a r e  t aken  to  i n s u r e  freedom from e c c e n t r i c i t y ,  t h e  
a x i a l  l oad ing  of s h e e t  material w i l l  i n h e r e n t l y  be l e s s  
p r e c i s e  i n  alignment t h a n  t h e  f u l l y  r e v e r s e d  bending method 
o r  a x i a l  l oad ing  o f  round b a r s .  The re fo re ,  w i t h  i n c r e a s e d  
b r i t t l e n e s s  a t  l o w  t empera tu res ,  s t a t i s t i c a l  v a r i a t i o n s  
i n  t e s t  r e s u l t s  would e x p l a i n  t h e  c a s e s  where K exceeds 
Although g r e a t  
f 
K t -  
I n  an a t t empt  t o  r e s o l v e  t h e  q u e s t i o n  of whether our  method 
w a s  s u f f i c i e n t l y  a c c u r a t e ,  s i x  room t empera tu re  t es t s  were 
conducted i n  t h e  c r y o s t a t  t o  de te rmine  whether t e s t  r e -  
s u l t s  o b t a i n e d  i n  t h e  more compl ica ted  c r y o s t a t  a r r a n g e -  
ment would reproduce d a t a  ob ta ined  du r ing  t h e  t e s t  program 
a t  room tempera ture  us ing  s i m p l e  g r i p s .  R e s u l t s  showed 
t h a t  t h e  d a t a  po in t s  f e l l  w i t h i n  t h i s  s c a t t e r  band of 
p r i o r  d a t a .  Therefore ,  i t  appears  t h a t  t h e  c r y o s t a t  does 
no t  g i v e  r e su l t s  of lower q u a l i t y  t h a n  t h o s e  ob ta ined  i n  
t h e  conven t iona l  manner us ing  t h e  s e l e c t e d  s h e e t  gage 
specimen, Without a d d i t i o n a l  r e s e a r c h ,  i t  i s  imposs ib l e  
t o  de te rmine  whether K exceeding K has a r a t i o n a l  t heo -  f t 
r e t i c a l  b a s i s .  A s imple  s e r i e s  of experiments  could  be  
performed t o  shed more l i g h t  on t h e  s u b j e c t .  This  would 
c o n s i s t  of modifying t h e  specimen g r i p  t o  accommodate 
po l i shed  round bar specimens.  Eva lua t ion  of s e v e r a l  a l l o y s  
i n  t h e  10  
whether inadequac ies  i n  t h e  t e s t  method were t h e  cause  of  
t h e  anomalous behavior .  
6 c y c l e  range  and 70 and -420'F should  show 
It w a s  a l s o  noted t h a t  K shows a g e n e r a l  i n c r e a s e  w i t h  
number of c y c l e s .  Th i s  sugges t s  t h a t  t h e  h i g h - s t r e s s ,  
s h o r t - t i m e  t e s t s  cannot  be used t o  p r e d i c t  long- t ime be-  
havior  i n  t h e  presence of s t r e s s  r a i s e r s .  
f 
1 Another obse rva t ion  w a s  t h a t  t h e  s h a r p e r  n o t c h  K = 8.0 
d i d  no t  cause any s i g n i f i c a n t  l o s s  of toughness  above 
t h a t  caused by the mi lde r  n o t c h ( K t  = 3.5). 
K was s i g n i f i c a n t l y  lower than  K f o r  t h e  two a l l o y s  
f t 
eva lua ted  w i t h  both notch  a c u i t i e s .  
( t  
A s  a r e s u l t ,  
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j .  Frac tured  Specimens 
Tes t ing  under a x i a l  l o a d s  and f u l l y  r e v e r s e d  s t r e s s i n g  
does n o t  l e a v e  much of a s u r f a c e  t o  s t u d y  a f t e r  f r a c t u r e .  
The r a p i d  pounding of t h e  mating s u r f a c e s  immediately 
a f t e r  f r a c t u r e  d e s t r o y s  a g r e a t  d e a l  of t h e  s u r f a c e  e v i -  
dence. However, some o b s e r v a t i o n s  have been made. 
The 5456-H343, 7075-T6, 7039-T6, and 7106-T6 unnotched 
parent  m e t a l  f a t i g u e  specimens t e s t e d  a t  c ryogenic  t e m -  
p e r a t u r e s  appeared lamina ted ,  i n  a d d i t i o n  t o  t h e  charac-  
t e r i s t i c  smooth f a t i g u e  s u r f a c e .  This  appearance w a s  
a l s o  noted  i n  t h e  5456-H343 and 7106-T6 room tempera ture  
specimens. The l a m i n a t i o n s  probably open up a f t e r  f a i l u r e  
as a r e s u l t  of t h e  hammering a c t i o n .  This  behavior  i s  
t y p i c a l  f o r  t h e  s t r a i n  hardened 5456 a l l o y  even i n  s t a t i c  
t e n s i o n  f a i l u r e ,  bu t  i s  n o t  observed f o r  t h e  7000 ser ies  
a l l o y s  i n  t e n s i o n .  
The o t h e r  p a r e n t  m e t a l  aluminum a l l o y s  e x h i b i t e d  t h e  
f l a t ,  smooth, conchoida l  appearance  t y p i c a l  of f a t i g u e  
f a i l u r e s .  
Weld f r a c t u r e s  i n i t i a t e d  a t  t h e  edge of t h e  weld bead. 
Notch specimens appeared s i m i l a r  t o  t h e  unnotched p a r e n t  
metal  specimens.  
k .  Resul t s  of Other  S t u d i e s  
Extensive room tempera ture  t e s t s  of two a l l o y s  e v a l u a t e d  
i n  t h i s  program, 2014-T6 and 7075-T6, have been performed 
throughout t h e  p a s t  y e a r s .  These r e s u l t s ,  summarized i n  
Ref 7 ,  show a h i g h e r  s t ress  f o r  f a i l u r e  a t  10 c y c l e s  
than r e p o r t e d  i n  t h i s  work. The s t r e n g t h s  r e p o r t e d  f o r  
t h e s e  a l l o y s ,  25,000 t o  30,000 p s i ,  were p r i m a r i l y  ob- 
t a i n e d  w i t h  bending t e c h n i q u e s .  However, some a x i a l  d a t a  
on smooth machined round b a r s  a re  a l s o  i n c l u d e d .  
6 
Several  reasons  f o r  t h e  lower s t r e n g t h s  o b t a i n e d  i n  t h i s  
s tudy must be c o n s i d e r e d .  The endurance l i m i t  o b t a i n e d  
by bending techniques  may be a s  much as 30% h i g h e r  t h a n  
values  o b t a i n e d  by a x i a l  l o a d i n g .  When round b a r s  are  
machined, even f o r  a x i a l  t e s t s ,  t h e  s u r f a c e  of t h e  m a t e -  
r i a l  i s  removed and d e f e c t s  are removed by p o l i s h i n g .  
In t h i s  s t u d y ,  t h e  s u r f a c e  of t h e  s h e e t  w a s  l e f t  i n  t h e  
as -z- ec e ived  c o n d i t i o n .  
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The l i t e r a t u r e  i s  almost v o i d  of c ryogenic  d a t a  f o r  com- 
p a r i s o n  purposes .  
can  b e  made have been genera ted  by Fontana (Ref 8)  on 
7075-T6 u s i n g  t h e  f l e x u r e  t e c h n i q u e  on p o l i s h e d  specimens 
machined from 0.750-in.-diameter  b a r .  These d a t a ,  s i g n i f -  
i c a n t l y  h i g h e r  t h a n  obta ined  i n  t h i s  work, a re  compared 
i n  t h e  f o l l o w i n g  t a b u l a t i o n .  
The only  d a t a  f o r  which a comparison 
Stress a t  10 6 Cycles  ( k s i )  
This Work (Axial Fontana ( F l e x u r e ,  
Temperature (OF) Load, R = -1) R = -1) 
70 15 35 
38 -110 - -  
-320 22 59 
-423 4 1  -- 
B. STAINLESS STEEL AND NICKEL ALLOYS 
The a l l o y s  e v a l u a t e d  i n  t h i s  program i n c l u d e  t h e  two t y p e s  
of  s t a i n l e s s  s t e e l s  s u i t a b l e  f o r  c ryogenic  s e r v i c e  p l u s  two n i c k e l  
b a s e  a l l o y s  e x h i b i t i n g  o u t s t a n d i n g  cryogenic  p r o p e r t i e s .  The two 
age-hardenable  a l l o y s  (A-286 and I n c o n e l  718) were s e l e c t e d  by 
NASA f o r  e v a l u a t i o n  i n  t h e  s o l u t i o n - t r e a t e d  c o n d i t i o n .  
1. Tension P r o p e r t i e s  
The mechanical  p r o p e r t i e s  of annea led  321 s t a i n l e s s  s t e e l  a re  
g i v e n  i n  F i g .  12.  The unnotched behavior  shows t h e  c h a r a c t e r i s t i c  
r a p i d  l i n e a r  i n c r e a s e  i n  u l t i m a t e  s t r e n g t h  w i t h  v e r y  l i t t l e  i n -  
c r e a s e  i n  y i e l d  s t r e n g t h  as tempera ture  i s  decreased .  E l o n g a t i o n  
shows a s m a l l  d e c r e a s e  w i t h  r e d u c t i o n  i n  tempera ture ,  b u t  i s  s t i l l  
q u i t e  h i g h  (36%) a t  -423'F. Notch and weld s t r e n g t h s  i n c r e a s e  
from 70 t o  -320°F, b u t  decrease  somewhat from -320 t o  -423°F. 
The behavior  of s o l u t i o n - t r e a t e d  A-286 s t a i n l e s s  s t ee l  i s  
g i v e n  i n  F i g .  13. U l t i m a t e  s t r e n g t h  i n c r e a s e s  from 90,000 p s i  a t  
room t e m p e r a t u r e  t o  168,000 p s i  a t  -423'F. Y i e l d  s t r e n g t h  i s  low 
(46,000 p s i  a t  70'F). 
crease i n  tempera ture .  Good weld j o i n t ,  e f f i c i e n c y  and n o t c h  
toughness  are  shown by t h e  t e s t  r e s u l t s .  
Elongat ion i s  h i g h  and i n c r e a s e s  w i t h  de- 
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F i g u r e  
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Table  
The p r o p e r t i e s  of  s o l u t i o n - t r e a t e d  Incone l  718 are  p r e s e n t e d  
i n  F i g .  14. U l t i m a t e ,  no t ch ,  and weld s t r e n g t h  cu rves  a re  a lmost  
i d e n t i c a l .  Y i e l d  s t r e n g t h  i s  low. Elongat ion  i s  h igh  a t  70°F 





The behavior  o f  H a s t e l l o y  C (F ig .  15)  i s  s imi l a r  t o  t h a t  of 





2 .  Fa t igue  P r o p e r t i e s  
Fa t igue  d a t a  f o r  t h e  s t a i n l e s s  s t e e l  and n i c k e l  a l l o y s  a re  
p resen ted  i n  t h e  f i g u r e s  and t a b l e s  g iven  i n  t h e  fo l lowing  tabu-  
l a t  i o n .  
M a t e r i a l  
321 S t a i n l e s s  
S t e e l  
A-286 S t a i n l e s s  
S t e e l  
I n c o n e l  718 
Nicke l  Alloy 
Nicke l  Alloy 
H a s t e l l o y  C 
Notched 





a .  321 S t a i n l e s s  S t e e l  
The unnotched f a t i g u e  d a t a  f o r  
Table  
B-28 












321 s t a i n l e s s  s t e e l  show 
a f l a t  cu rve  a t  70". 
-423°F a r e  modera te ly  s t e e p .  The f a t i g u e  r a t i o  (10 
cycles )  a t  70°F i s  0.37.  This  v a l u e  dec reases  t o  0 .21  
and 0.23 a t  -320 and -423"F, r e s p e c t i v e l y .  Unl ike  t h e  
aluminum a l l o y s ,  which show an  improvement i n  f a t i g u e  
performance a t  low tempera tures  as evidenced by an  i n -  
c r ease  i n  t h e  f a t i g u e  r a t i o ,  t h e  321 shows a s u b s t a n t i a l  
decrease .  However, t h e  a b s o l u t e  s t r e n g t h  of  t h e  s t a i n -  
l e s s  s t e e l  i n c r e a s e s  w i t h  r e d u c t i o n  i n  t empera tu re  and 
exceeds t h e  p r o p e r t i e s  o b t a i n e d  i n  t h e  aluminum a l l o y  
s tudy .  




Notched tes t  results show a f l a t  curve  a t  70°F and steeper 
curves  a t  -320 and -423°F.  The 10 c y c l e  s t r e s s  l e v e l  i n -  
c r e a s e s  from 18 k s i  a t  70 t o  24 and 27 k s i  a t  -320 and 
-423"F, r e s p e c t i v e l y .  
e x c e p t i o n a l l y  good. The v a l u e  f o r  a l l  tempera tures  v a r i e d  
from 1.8 t o  2.0.  
6 
The f a t i g u e  n o t c h  f a c t o r  ( K f )  i s  
The behavior  of  welded j o i n t s  w a s  similar t o  t h a t  observed 
f o r  t h e  unnotched p a r e n t  m e t a l .  Although weld j o i n t  e f f i -  
c i ency  i s  h igh  i n  321  s t a i n l e s s  s t ee l ,  t h e  welded f a t i g u e  
specimens a t t a i n  on ly  approximate ly  two- th i rds  of t h e  un- 
welded f a t i g u e  s t r e n g t h .  The f a t i g u e  r a t i o  va lues  a r e  
0 . 2 3 ,  0.15, and 0.24 a t  7 0 ,  - 3 2 0 ,  and -423"F,  r e s p e c t i v e l y .  
b. A-286 S t a i n l e s s  S t e e l  
Unnotched f a t i g u e  d a t a  f o r  A-286 s t a i n l e s s  s t e e l  showed 
t h a t  cu rves  become f l a t t e r  w i t h  dec reas ing  t empera tu re .  
A t  10  c y c l e s ,  f a t i g u e  s t r e n g t h  i n c r e a s e d  s i g n i f i c a n t l y  
w i t h  r e d u c t i o n  i n  t empera tu re .  The f a t i g u e  r a t i o  a t  10 
c y c l e s  i n c r e a s e d  s l i g h t l y  f rom 0.37 a t  70°F t o  0.41  a t  




(Kt - Notch t e s t s  performed on m i l d l y  notched specimens 
3 . 5 )  showed a t r a n s i t i o n  from f l a t  t o  s t e e p  cu rves  w i t h  
t empera tu re  r educ t ion .  
1 . 7 ,  show good r e t e n t i o n  of no tch  f a t i g u e  s t r e n g t h .  De- 
c r e a s e  i n  tempera ture  r e s u l t e d  i n  an  i n c r e a s i n g  l o s s  of 
no tch  s t r e n g t h .  For 10 c y c l e s  a t  -423"F, Kf ( 4 . 0 )  
s l i g h t l y  exceeded t h e  Kt va lue .  
A t  70°F, t h e  Kf v a l u e s ,  1.4 t o  
6 
Eva lua t ion  of welded specimens showed knee-shaped curves  
of i n c r e a s i n g  s t eepness  w i t h  dec rease  i n  t empera tu re .  
The f a t i g u e  ra t io  a t  lo6  c y c l e s  decreased  from 0.19 a t  
70°F t o  0.15 a t  -320°F. A t  -423"F,  t h e  f a t i g u e  r a t i o  
i n c r e a s e d  t o  0.21. 
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c .  Inconel  718 Nickel  Alloy 
The unnotched f a t i g u e  curves  f o r  I n c o n e l  718 were r a t h e r  
f l a t  a t  70 and -423°F. Test  r e s u l t s  a t  -320°F show a 
knee-shaped c u r v e ,  The f a t i g u e  r a t i o  w a s  h i g h  (0.45 t o  
0.53) .  
The behavior  of m i l d l y  notched specimens (Kt = 3 . 5 )  w a s  
c h a r a c t e r i z e d  by l i n e a r  curves  of i n c r e a s i n g  s l o p e  w i t h  
decrease  i n  tempera ture .  The K v a l u e  a t  70°F w a s  l o w  
(1.2 t o  1.8). 
p e r a t u r e ¶  t h e  h i g h e s t  v a l u e  was only  3 . 0 .  
f 
Although Kf i n c r e a s e d  w i t h  d e c r e a s i n g  t e m -  
Welded Inconel  718 a l l o y  showed l i n e a r  curves  of i n c r e a s -  
ing s l o p e  w i t h  d e c r e a s e  i n  tempera ture .  The f a t i g u e  
r a t i o  (0.28 t o  0.31) was independent  of tempera ture .  
d .  H a s t e l l o y  C Nickel  Al loy  
The behavior  of unnotched H a s t e l l o y  C i s  c h a r a c t e r i z e d  
by f l a t  curves  a t  a l l  t e m p e r a t u r e s .  S t r e n g t h e n i n g  i n -  
creased s i g n i f i c a n t l y  w i t h  each decrement of d e c r e a s i n g  
temperature .  The f a t i g u e  r a t i o s  (10 c y c l e s )  were h i g h  
(0.41 t o  0.45)  and e s s e n t i a l l y  independent  of tempera- 
t u r e .  
6 
Notched f a t i g u e  t e s t s  performed a t  a K of 3.5 r e s u l t e d  
i n  s t e e p  curves  a t  a l l  t e m p e r a t u r e s .  The f a t i g u e  n o t c h  
f a c t o r ,  K f y  was low a t  70°F. K i n c r e a s e d  w i t h  d e c r e a s -  
t 
f 
ing tempera ture ;  a t  -423°F ( l o 6 ) ,  Kf exceeded K AS t '  
noted f r e q u e n t l y ,  K i n c r e a s e d  w i t h  t h e  number of c y c l e s .  f 
Welded specimens showed a l i n e a r  d e c r e a s e  of s t r e n g t h  
with number of c y c l e s  a t  70°F .  
curves become s t e e p .  The f a t i g u e  r a t i o  (0.31 t o  0.36) 
var ied  l i t t l e  w i t h  tempera ture  change. 
A t  -320 and -423'F, t h e  
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e .  Comparison of Resul t s  
A summary of unnotched t e s t  r e s u l t s  i s  p r e s e n t e d  i n  Table  
7 .  This  t a b l e  p r e s e n t s  t h e  f a t i g u e  s t r e n g t h  and f a t i g u e  
r a t i o  a t  10 c y c l e s  f o r  each material  i n  t h e  p a r e n t  m e t a l  
and welded c o n d i t i o n .  
form i n  F i g .  60.  
6 
Data a re  p r e s e n t e d  i n  b a r  graph  
The d a t a  f o r  t h e  unnotched p a r e n t  metal  show t h e  I n c o n e l  
718 e x h i b i t s  t h e  h i g h e s t  f a t i g u e  r a t i o  a t  a l l  temperatures. 
H a s t e l l o y  C showed a s l i g h t l y  lower v a l u e  a t  each.tempera- 
t u r e .  
Welded a l l o y  d a t a  showed t h e  H a s t e l l o y  C e x h i b i t s  t h e  
h i g h e s t  f a t i g u e  r a t i o  a t  each tempera ture .  I n c o n e l  718 
showed f a t i g u e  r a t i o  v a l u e s  approximate ly  10% lower.  
The n o t c h  d a t a  a r e  summarized i n  Table  8 and F i g .  61. 
A t  70°F, a l l  compositions show good n o t c h  p r o p e r t i e s .  
A-286, 321, and Inconel  718 e x h i b i t  similar K v a l u e s  i n  
f t h e  range  1 . 6  t o  1.8. H a s t e l l o y  C shows a h i g h e r  K 
(2.6).  Data obta ined  a t  -320°F show behavior  p a t t e r n s  
v e r y  s imi l a r  t o  those  observed a t  70"F, except  f o r  a 
s m a l l  i n c r e a s e  i n  K A t  -423"F, 321 s t a i n l e s s  s t e e l  f '  
shows v i r t u a l l y  no i n c r e a s e  i n  Kf v a l u e .  A-286 and 
H a s t e l l o y  C a l l o y s  have Kf v a l u e s  t h a t  a re  i n  excess  of 
t h e  s t ress  c o n c e n t r a t i o n  f a c t o r  (Kt) .  
of  an i n c r e a s e  i n  K 
f o r  t h e  s t a i n l e s s  s t e e l  and n i c k e l  a l l o y s .  
f 
The g e n e r a l  t r e n d  









Table 7 Comparison of Unnotched F a t i g u e  P r o p e r t i e s  f o r  
S t a i n l e s s  S t e e l  and N i c k e l  Alloys* 
0.37 
0.40 
0 . 4 1  
0 .50  
0.45 
0 . 5 3  
Mater ia  1 
321 S S  
A -286  







Has te l  loy I-- 
Tempe r a  t u  re 










i L ,  
-320 
-423 
S t r e s s  





5 7  
6 9  




7 7  
9 1  
:::: I 
0.45 
Fat  i g y e  
R a t i o  
0.15 
0 .24  
0.19 
0.15 
0 .21  
0 . 2 8  
0 .32  
0 . 3 1  
0 .31  
0.36 
0.35 
%I = 10 cyc le s .  
t F a t i g u e  r a t i o  = 
S N ( f a t i g u e  s t r e n g t h  a t  n c y c l e s )  









F ig .  60 Comparison of Fatigue Ratios for  Sta inless  S tee l  and Nickel Alloys 
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Table 8 Comparison of Notched Fatigue Properties fo r  Stainless Steel 
and Nickel Alloys 
Ma t er i a  1 
321 S S  
A-286 
I n c o n e l  718 
H a s t e l l o y  C 
Temper a t u  r e 
(OF) 
7 0  
-320 
-423 
7 0  
-320 
-423 
7 0  
-3 20 
-423 
7 0  
-320 
-423 
3 . 5  
3 . 5  
3 .5  
3 .5  
F a t i g u e  S t r e n g t h  
3 4 . 0  
54 .0  
59.5 
3 5 . 0  
62 .5  
66.0 
65 .0  
73.5 
81 .0  
54 .0  
61 .0  
69 .5  
k s i )  
1 o5 
25 .5  
3 2 . 0  
3 8 . 0  
25.0 
3 0 . 0  
33.0 
4 5 . 0  
49 .0  
45 .5  
32.7 
40.7 
3 9 . 0  
1 o6 
1 8 . 0  
22.3 









17 .2  
1 o4 
1.1 
1 . 8  
1.4 
1 . 4  
1 .2  
1.1 
1 .3  
1 .4  
1 .3  
1.5 
1.5 
- - -  
IZ; - 
1 o5 - 
1.3 
1 . 9  











"K = S t r e s s  c o n c e n t r a t i o n  f a c t o r .  
' F a t i g u e  notch factor (K ) = 
t 
f 
(fatigue strength of unnotched specimens at N cycles). 
(fatigue strength of notched specimens at N cycles) 
- 
1 o6 - 
1 . 8  
2 .0  
2.1 
1.7 
2 . 2  
4 .9  
1.8 
2 .0  
3 . 1  
2.5 
3 . 2  
5 .3  
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V I I .  CONCLUSIONS 
T h i s  program has demonstrated t h a t  tens ion/compress ion  f a t i g u e  
p r o p e r t i e s  can  b e  o b t a i n e d  under a x i a l  l o a d i n g  f o r  f l a t  s h e e t  m a t e -  
r i a l s  a t  tempera tures  down t o  -423°F. Data o b t a i n e d  f o r  t h e  alumi-  
num a l l o y s  show: 
1)  Unnotched 2219 and 7039-T6 e x h i b i t  good p r o p e r t i e s  a t  
70°F; 
2) Unnotched 2014-T6 and 5456-H343 were s u p e r i o r  a t  -423°F; 
3) F a t i g u e  r a t i o  i n c r e a s e s  w i t h  d e c r e a s e  i n  tempera ture  
f o r  unnotched and welded specimens; 
4) I n t r o d u c t i o n  of a mi ld  n o t c h  reduces  f a t i g u e  s t r e n g t h  
s i g n i f i c a n t l y .  However, a t  room t e m p e r a t u r e ,  reduc-  
t i o n  i n  f a t i g u e  s t r e n g t h  w a s  less  t h a n  t h e  t h e o r e t i c a l  
maximum; 
5) A t  c ryogenic  t e m p e r a t u r e s ,  t h e  r e d u c t i o n  i n  f a t i g u e  
s t r e n g t h  decreased  s i g n i f i c a n t l y ;  t h e  a p p a r e n t  reduc-  
t i o n  f a c t o r  
t h e  t h e o r e t i c a l  maximum ( K t ) ;  
i n  some c a s e s  e q u a l l e d  o r  exceeded (Kf >, 
6) I n  g e n e r a l ,  t h e  f a t i g u e  n o t c h  f a c t o r  ( K f )  i n c r e a s e d  
w i t h  number of c y c l e s  ( N ) ;  
7) Notched 2014-T6, 7075-T6, and 5456-H343 showed t h e  
b e s t  70°F notched f a t i g u e  b e h a v i o r ;  
8) The b e s t  r e t e n t i o n  of n o t c h  f a t i g u e  p r o p e r t i e s  a t  
-423°F was shown by 7106-T6 and 7039-T6; 
9) Welded j o i n t s  d e c r e a s e  f a t i g u e  p r o p e r t i e s .  This  de-  
c r e a s e  i s  g r e a t e r  t h a n  t h e  d e c r e a s e  of s t r e n g t h  i n  
s t a t i c  weld behavior  compared t o  parent  m e t a l ,  b u t  
no t  a s  g r e a t  a s  when a machined n o t c h  i s  i n t r o d u c e d ;  
10) The 2219-T62 a l l o y  showed t h e  h i g h e s t  welded f a t i g u e  
r a t i o  a t  70 and -423°F. The 5456-H343 w a s  comparable 
t o  t h e  2219-T62 a t  -423°F. 
I 
Mart in-CR-65 -70 
Test r e s u l t s  f o r  t h e  s t a i n l e s s  s tee l  and n i c k e l  a l l o y s  show: 
1) The h i g h e s t  unnotched f a t i g u e  r a t i o s  are  e x h i b i t e d  
by Inconel  718 and H a s t e l l o y  C f o r  t h e  p a r e n t  m e t a l  
and welded c o n d i t i o n s  ; 
2) The 321 s t a i n l e s s  s t ee l  shows o u t s t a n d i n g  n o t c h  tough- 
n e s s  under c y c l i c  l o a d i n g  a t  a l l  t e m p e r a t u r e s ;  
3) K i n c r e a s e s  w i t h  d e c r e a s i n g  tempera ture  and i n c r e a s -  
f 
i n g  number of c y c l e s .  
The f o l l o w i n g  m a t e r i a l s  appear  t o  b e  s a t i s f a c t o r y  f o r  c y c l i c  
s e r v i c e  a t  c ryogenic  tempera tures .  






545 6 -H343 
S t a i n l e s s  S t e e l  Al loys  
321 
A-286 
Nicke l  Alloys 
I n c o n e l  718 
H a s t e l l o y  C 
Aluminum a l l o y s  2020-T6 and 7075-T6 appear  t o  b e  somewhat 
q u e s t i o n a b l e  f o r  s e r v i c e  a t  -423°F because of t h e i r  behavior  
under s t a t i c  t e s t i n g .  
94 Martin-CR-65-70 
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Table B-1  Fatigue Properties of Parent Metal 2014-T6 Aluminum Alloy (R = -1) 
Temper a t  u r  e 
Maximum 
Tension 
S t r e s s  













20 .o  
20 .o  
1 7 . 5  





70 O F  
Cycles  t o  F a i l u r e  
3 . 0 0  x 10 














5 .00  x 10 
2.00 x 10 
2 .50  x 10 
3.30 x 10 
1 .30  x 10 
1.57 x 10 
3 . 9 5  x 10 
1 . 2 6  x 10 
1 . 7 6  x 10 
5 .63  x 10 
1 .20  x 10 ( d i s c )  
1 .19  x lo7  (disc) 
6.62 x 10 
1 . 0 3  x 10 
5 . 4 1  x 10 
1 .28  x 10 
7 .00  x l o 6  ( d i s c )  








S t r e s s  

















Cycles  t o  F a i l u r e  
3 1 . 8 0  x 10 













2 .60  x 10 
3 . 3 3  x 10 
4 . 1 7  x 10 
6 .96  x 10 
8 .89  x 10 
9 . 5 0  x 10 
1 . 1 0  x 10 
2 . 0 6  x 10 
2 .58  x 10 
2 . 7 3  x 10 
1.07 x 10 
2 .54  x 10 
5 .02  x lo6  ( d i s c )  
Maximum 
Tension 
S t r e s s  





62 .5  




4 5  .o 
4 5  .O 
4 5  .O 
*Axial loaa & = -1. 
+Specimen previously run a t  45,000 ps i  f o r  1 . 1 2  x lo6  c y c l e s  without f a i l u r e .  
-423 OF 
Cyc les  t o  F a i l u r e  
3 
3 
1.00 x 10 
1 . 0 0  x 10 








1 . 5 0  x 10 
2.60 x 10 
3 .50  x 10 
2 .76  x 10 
3.70 x 10 
4 . 1 7  x 10 
1 . 2 2  x 10 
1 . 1 2  x lo6 ( d i s c )  




Cycles t o  F a i l u r e  
4.00 x 10  3 














8.00 x 10  b 
1.00 x 1 0  c 
1.20 x 1 0  d 
1.70 x 1 0  
2.00 x 1 0  
4.20 x 1 0  
5.00 x 1 0  
1.18 x 1 0  
1.36 x 1 0  
2.10 x 10 
1.31 x 10 ( d i s c )  
1.56 x 10 (d isc)  




Tension S t r e s s  


















Cycles t o  F a i l u r e  
2.20 x lo3  e 
2.40 l o 3  f 
8.00 x 10 3 




4.16 x 10 
1 .03  x 10 
1.69 x 10 
1.14 x 10’ g 
2.98 x 10 5 
5 
5.69 x 10 
5 
2.42 x 10 
1 .08  x 10 6 
6 
2.30 x 10 
4.53 x 10’ 
1.93 x lo6 (d isc)  
2.39 x 10 6 ( d i s c )  
1.70 x lo6 (d isc)  
-423°F 
Maximum 
Tension S t r e s s  
(1000 p s i )  
Table  B-2 Fat igue  P rope r t i e s  of Unnotched Pa ren t  Metal 2014-T6 Aluminum Alloy (R = 0.01) 
70’F 
Maximum 
Tension S t r e s s  
















a .  S t r e s s  Ra t io  (R) = 0.01. 

















Cycles t o  F a i l u r e  
3 5.00 x 10 
3 
7.00 x 10 h 
2.00 x 10 4 
3 
9.00 x 10 i 
2.20 x 10 4 
4 
5.70 x 10 
2.12 x 10 5 
2.41 x 10 5 
5 
6.13 x 10 
5 5.61 x 10 
8.49 x 10 5 
1 .01  x l o 6  (d isc)  




7.92 x 10 
8.76 x 10 
6 
1.00 x 10 ( d i s c )  
Foot no t  e S t r e s s  (1000 p s i )  Cycles 
1.82 x 10 6 
6 
6 




1.01 x 10 6 
b 30 .O 
C 30.0 1.31 x 10 
d 30 .O 1.56 x 10 
e 
f 42.0 1 .93  x 10 
40.0 1 .70  x 10 g 
42 .O 




T a b l e  B-3 F a t i g u e  P r o p e r t i e s a  of  Notched 2014-T6 Aluminum A l l o y  (Kt  = 3.5)  
~~ 
Maximum 
Tens i o n  
S t r e s s  
(1000 p s i )  





20 .o  
20 .o  
18 .O 
15 .O 
1 2 . 0  
11 .o  
10 .o  
7 .O 
6 . 0  
5 .o 
3 .  S t r e s s  r 
70°F 
















1.00 x 10 
2.00  x 10 
3 .00  x 10 
5.00  x 10 
8 .00  x 10 
1 .30  x 10 
2 .50  x 10 
2 .10  x 10 
6 . 6 0  x 10 
1 .13  x 10 
1.34 x 10 
5 .09  x 10 
1.25 x 10 ( d i s c )  
1 . 2 4  x 10 ( d i s c )  
1.14 x 10 ( d i s c )  




S t r e s s  
(1000 p s i )  
25 .0  
















Cyc les  t o  F a i l u r e  













6 . 2 0  x 10 
6 .30  x 10 
6 . 6 0  x 10 d 
7 . 2 0  x 10 e 
1 . 3 3  x 10 
3.57 x 10 
6 . 1 1  x 10 
9 . 7 8  x 10 
1 . 7 4  x 10 
1 .79  x 10 
4 . 1 6  x 10 
2 . 0 4  x 10 ( d i s c )  
2 . 1 3  x lo6  ( d i s c )  
4 . 0 5  x 10 




Tens i o n  
S t r e s s  
(1000 p s i )  
4 0 . 0  
3 5  .o 
30 .0  
2 7 . 5  
25 .O 
20 .o  
17.5  
1 7 . 5  
1 5 . 0  
1 2 . 5  
10 .o  
7 . 5  
5 . 0  
5 . 0  
5 .O 
-423  OF 
Cycles  t o  F a i l u r e  
1 .00 x 10 3 f 
3 2 . 0 0  x 10 
5 . 0 0  x 10’ g 
9 . 0 0  x 10 h 
1 . 7 0  x 10 
3 . 0 0  x 10 
2 . 1 0  x 10 
5 . 4 0  x 10 
9 .70  x 10 
2 . 4 0  x 10 
6 . 6 0  x 10 
6 . 1 0  x 10 
1.00 x 10 ( d i s c )  
1 .02  x LO6 ( d i s c )  












c t h r u  h .  
S t r e s s  c o n c e n t a t i o n  ( K t )  = 3 . 5 .  
Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  s t r e s s  f o r  number of c y c l e s  shown w i t h o u t  f a i l u r e .  
S t r e s s  







C 10 .o 2.04  x 10 
d 6.0 1 .12  x 10 
e 10 .o 2.13  x 10 
f 5.0 1 .00  x 10 
g 5.0 1.07 x 10 




T a b l e  B-4 F a t i g u e  P r o p e r t i e s a  of Notched P a r e n t  Metal 2014-T6 Aluminum A l l o y  (Kt  = 8.0)  
Maximum 
:ens ion  S t r e s s  





























3.00 x 10 
4.00 x 10 c 
7.00 x 10 d 
1.00 x 10 
1.20 x 10 
1.50 x 10 
1.73 x 10 
2.41 x 10 
5.68 x 10 
7.25 x 10  
2.57 x 10 
5.05 x 10  
1.18 x 10 ( d i s c )  
1.91 x lo6  ( d i s c )  
Maximum 
Tens ion  Stress  
















p e r a t u r e  - 
20°F 




4.9 x 10 
5.9 x 10 
9.7 x 10 e 
1.11 x 10 f 
1.64 x 10 
1.82 x 10 
2.60 x 10 
4.04 x 10 
1.92 x 10 
2.18 x 10 
5.61 x l o 5  j 
1.06 x 10 
1.66 x lo6 ( d i s c )  
1.67 x l o 6  ( d i s c )  











Tens ion  Stress  















5 .0  
-421'F 













3.00 x 10 g 
4.00 x 10 
4.00 x 10 h 
9.00 x 10 
1.60 x 10 i 
2.30 x 10 
3.50 x 10 
4.90 x 10 
1 .14  x 10 
2.67 x 10 
3.48 x 10 
6.77 x 10 
1.00 x lo6 ( d i s c )  
1.10 x lo6 (d i sc :  
1.10 x l o 6  ( d i s c :  
I .  S t r e s s  R a t i o  (R) = -1. 
) .  
: t h r u  i. Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  s t r e s s  f o r  number of  c y c l e s  shown w i t h o u t  f a i l u r e .  
S t r e s s  C o n c e n t r a t i o n  ( K t )  = 8.0. 




C 4.0 1.18 x 10 
d 4.0 1.91 x 10 
e 8.0 1.67 x 10 
6 
6 
8 .O 1.66 x 10 
5.0 1.00 x 10 
6 
6 
h 5 .0  1.10 x 10 
i 5 .O 1.10 x 10 
. Machine m i s a l i g n e d .  
Martin-CR-65-70 
70°F 











2.00 x 10 
7.00 x 10 
1.00 x 10 
1 .50  x 10 
2.10 x 10 
6.90 x 10 
1 .70  x 10 
3 . 2 9  x 10 
5.14 x 10 
1 .02  x 10 ( d i s c )  
1 .03  x lo6  ( d i s c )  
1 . 0 3  x lo6 ( d i s c )  
Temperature  
Max imum 
Tens ion  
S t r e s s  






















1.00 x 10 
2 .00  x 10 
1.05 x 10 
2.74 x 10 
2 .75  x 10 
2 . 5 1  x 10 
3.42 x 10 
5.51 x 10 
1.59 x l o 6  ( d i s c )  
3 .30  x 10 ( d i s c )  






S t r e s s  
(1000 p s i )  
Tab le  B-5 F a t i g u e  P r o p e r t i e s a  of  Welded 2014-T6 Aluminum A l l o y  
Maximum 
Tens ion  
S t r e s s  




2 2  .o  
22 .o  
22 .o 
15 .O 
1 5 . 0  
1 5 . 0  
9 . o  
9 .o 
9 . o  




4 0 . 0  
40 .0  
35 .O 
35 .o 
3 5 . 0  
30 .O 
30 .O 
3 0 . 0  
25 .O 
1 7 . 5  
17 .5  
1 7 . 5  
Cyc le s  t o  F a i l u r e  
5 . 0 0  x 10 
2 .00  x 10 
3 .00  x 10 
6.00 x 10 
6 .00  x 10 b 
1.80 x 10 
6 .80  x 10 
8 . 4 0  x 10 
1 .82  x 10 
2 .65  x 10 
3 .18  x 10 
3 .44  x 10 
1.01 x 10 ( d i s c )  
1 . 0 3  x 10 


















T a b l e  B-6 F a t i g u e  P r o p e r t i e s a  o f  P a r e n t  Metal 7039-T6 Aluminum A l l o y  (R = -1) 
Temperature  
Maximum 
Tens ion  
S t r e s s  









25 . o  
20 . o  
20.0 




Cycles  t o  F a i l u r e  




9.00 x 10 C 
1.10 x 10 d 
1.40 x 10 e 










2.40 x 10 
5.50 x 10 
6.40 x 10 
5.60 x 10 
2.04 x 10 
1.27 x 10 ( d i s c )  
1.21 x 10 ( d i s c )  
1.26 x 10 ( d i s c )  
1.29 x 10 ( d i s c )  
- 
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
75 .O 
7 0  .O 
65 .O 
60.0 
55 .o  
52 .O 
50 .O 










Cycles  t o  F a i l u r e  
3 1.00 x 10 
2.00 x 10 
4.00 x 1 0  f 
3 
3 
3 7.00 x 10 g 
1.00 x 10 
1.20 x 1 0  f 
2.90 x 10 
3.90 x 10 
6.70 x 10 
1.31 x 10 
3.77 x 10 
9.28 x 10 
1.00 x 10 ( d i s c )  
1.02 x 10 ( d i s c )  













Tens ion  
S t r e s s  















Cycles  t o  F a i l u r e  
1.00 x 10 i 
4.00 x 10 j 
3 
3 
7.00 x 10 3 
4 
4 
1.60 x 10 









3.60 x 10 
5.50 x 10 
1.97 x 10 
1.01 x 10 
4.31 x 10 
1.02 x 10 ( d i s c )  
1.00 x 10 ( d i s c )  
1.02 x 10 ( d i s c )  
a .  S t r e s s  r a t i o  (R) = -1 
b t h r u  k .  Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  stress f o r  number o f  c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  











b 17.0 1.29 x 10 
C 1 7 . 0  1.26 x 10 
d 18 .O 1.21 x 10 
e 20.0 1.27 x 10 
f 30.0 1.02 x 10 
g 30.0 1.00 x 10 
h 30.0 1.78 x 10 
i 37 .5  1.02 x 10 
j 37.5 1.00 x 10 
k 40.0 1.02 x 10 
Mart in-CR- 65- 70 
Table B-7 Fa t igue  Proper t iesa  of Unnotched Parent  Metal 7039-T6 Aluminum Al loy  (R = 0.01) 
70°F 
Maximum 
Tension S t r e s s  
(1000 ps i )  
70.0 
65.0 








35.0 I 32.0 
I 32.0 
I 30.0 
Cycles t o  F a i l u r e  
3 
3 
1.00 x 10 
4.00 x 10 
7.00 x l o 3  b 
8.00 x 10 c 
8.00 x l o 3  d 
1.30 x 10 
4.50 x 10 
7.70 x 10 
1.60 x 10 
2.46 x 10 








6.38 x 10' 
6 
1 . 1 2  x 10 (d i sc )  
6 
1.21 x 10  (d i sc )  
6 




rension S t r e s s  

















Cycles t o  F a i l u r e  
3.20 lo3  
3.50 l o 3  f 
3.60 lo3  




6.70 x 10 
1.28 x 10 
3.54 x 10 




2.65 x 10 
4.36 x 10 
1.56 x 10 
5.93 x 10' 
5 
6 
1.96 x 10 
1.11 x 10 (d isc)  
1.11 x lo6 (d isc)  
1.13 x lo6  (d isc)  
Maximum 
Tension S t r e s s  

















Cycles t o  F a i l u r e  
2.00 x l o 3  h 
1.00 x l o 3  i 
8.00 x LO3 j 
3.00 x 10 
1.20 x 10 
3.50 x 10 
2.40 x 10 
1.45 x 10 
1 . 1 7  x 10 
6.27 x 10 
6.27 x 10 
9.57 x 10 
1 .00  x LO6 (d i sc )  
1 .01  x 10 (d i sc )  











S t r e s s  Rat io  (R) = .01 
b t h r u  j. Specimen previous ly  run a t  ind ica ted  s t r e s s  for number of cyc le s  shown without f a i l u r e .  
Footnote S t r e s s  (1000 ps i )  Cycles 











1.12 x 10 
1.53 x 10 
1.11 x 10 
1.11 x 10 
1.13 x 10 
6 
6 
55 .O 1.06 x 10 
60 .O 1.00 x 10 
6 J 57.5 1 .01  x 10 
I B-8 Martin-CR- 65-70 
T a b l e  B-8  F a t i g u e  P r o p e r t i e s a  o f  Notchedb 7039-T6 Aluminum A l l o y  Kt = 3.5 
Temperature  
Max imum 
Tens ion  
S t r e s s  




20 .o  
2 0 . 0  
15 .O 
10 . o  
10 . o  











3 . 0  x 10 
4 . 0  x 10 c 
5 . 0  x 10 d 





7 . 0  x 10  
1 . 3  x 10 
6 . 8  x 10 
9 . 3  x 10 
1 . 1 5  x 10 
3 . 6 8  x 10 
8 . 8 4  x 10 
1 .481  x 10 ( d i s c :  
1 . 6 4 6  x 10 ( d i s c )  









S t r e s s  
(1000 p s i )  




2 2 . 5  
20 .o  
15 .O 
1 2 . 5  
10.0 
8 . 5  
7 . 5  
6 . 5  




Cycles  t o  F a i l u r e  
3 1 . 0 0  x 10 
2 . 0 0  x 10 e 3 
3 
3 . 0 0  x 10 f 












8.00  x 10 g 
1 . 9 0  x 10 
4 . 0 0  x 10 
6 . 6 0  x 10 
1 .'89 x 10 
2 . 0 4  x 10 
7 . 0 5  x 10 
5 . 0 7  x 10 
1 .00  x 10 ( d i s c )  
1.00 x 10 ( d i s c )  
1 . 0 3  x 10 ( d i s c )  
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
3 5  .O 
3 0  .O 
25 .O 
2 2 . 5  
1 9 . 6  
1 8 . 5  
1 7 . 5  
15  .O 
1 2 . 5  
11 .o  
9 .O 
9 .O 
7 . 5  
7 . 5  
7 . 5  
-423 "F 
Cycles  t o  F a i l u r e  
1 . 0 0  x 10' h 
3 
3 . 0 0  x 10 
3 4 . 0 0  x 10 i 












1 . 3 0  x 10 
2 . 3 0  x 10 
3 . 2 0  x 10 
6 . 3 0  x 10 
8 . 6 0  x 10 
2 . 6 5  x 10 
2 . 6 1  x 10 
3 . 0 4  x 10 
1 . 0 1  x 10 ( d i s c )  
1.01 x 10 ( d i s c )  
1 .03 x 10 ( d i s c )  
a .  S t r e s s  r a t i o  (R) = -1. 
b .  
c t h r u  j. Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  stress f o r  number f o r  c y c l e s  shown w i t h o u t  
S t r e s s  c o n c e n t r a t i o n  ( K t )  = 3 . 5 .  
f a i l u r e .  
S t r e s s  
F o o t n o t e  (1000 p s i )  Cyc le s  
6 
6 
C 6 .0  1 . 4 8 1  x 10 
d 6 .0  1 . 6 4 6  x 10 
e 6 6 .O 1.00 x 10 





g 6.5 1 . 0 0  x 10 
h 7.5 1 . 0 3  x 10 
i 7.5 1.01 x 10 




B - 9  
Mar tin-CR-65-70 
b Table B-9 Fa t igue  Proper t iesa  of Notched Parent  Metal  7039-T6 Aluminum Al loy  (Kt = 8.0) 
70°F 
Maximum 
Tension S t r e s s  

















Cycles t o  F a i l u r e  
1.00 lo3 
2.00 x lo3 d 
2.00 x l o 3  e 
5.00 x 10' 








3.43 x 10 
2.60 x 10 
5.40 x 10 
5.80 x 10 
6.10 x 10 
1.07 x 10 
1.91 x 10 
6.13 x 10;) 
6 1.11 x 10 (d isc)  
6 1.12 x 10  (d isc)  





















Cycles t o  F a i l u r e  





2.10 x 10 g 
4.30 x 10 
6.20 x 10 
1.02 x 10 




5.17 x 10 
1.02 x 10 
3.57 x 10 
5.96 l o 5  
4.91 lo5 
5 




1.18 x 10 (d isc)  
9.27 x 10 
1.14 x 10 (d isc)  
Maximum 
Tension S t r e s s  

















Cycles t o  F a i l u r e  
1.00 x lo3  h 
2.00 x 10 3 i 
4.00 l o 3  
8.00 l o 3  
1.30 x 10 4 
1 .60  x 10 4 
3.30 x 10 4 
4.50 x 10 4 
1 .05  x 10 5 
2.92 x 10 5 
6.96 lo5 
3 1.00 x 10 1 
6 1.02 x 10 (d isc)  
1.10 x 10 6 (d i sc )  
1.11 x 10 (d i sc )  6 
a .  S t r e s s  Rat io  (R) = -1. 
b. S t r e s s  Concent ra t ion  Kt = 8.0 
















1.16 x 10  
1.11 x 10 
1.12 x 10 
1.18 x 10 
1.14 x 10 







1.10 x lo6  
6 1.11 x 10 
B-10 
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Tab le  B-10 F a t i g u e  P r o p e r t i e s a  o f  Welded 7039-T6 Aluminum A l l o y  
Max imum 
Tens ion  
S t r e s s  
(1000 p s i )  
30 .0  
25 .0  
25 .0 
2 5  .O 
20 .0  
20 .o  
1 5  .O 
15 .0  
15 .O 
1 2  . 0  
10 .o 
10 . 0  
8 . o  
8 .0  
8 . 0  
70°F 
Cyc les  t o  F a i l u r e  




3 . 0  x 10 b 
8.0 x 10 c 
8 . 0  x 10 
3 9 . 0  x 10 





3 . 0 5  x 10  1-1 
4 . 4 5  x 10 h 
7 . 6 5  x 10 
2 . 4 8  x 10 
5 
5 
1 .46  x 10 h 
4 . 8 2  x 10 
1.135 x 10 ( d i s c )  
1 . 4 8 0  x 10 ( d i s c )  









S t r e s s  
(1000 p s i )  
40 .O 
35 .O 
3 2 . 5  
30 .0  
2 7 . 5  
25 . 0  
24 .O 
2 2 . 5  





Cyc le s  t o  F a i l u r e  




3 . 0 0  x 10 
1 . 0 0  x 10 
1 . 4 0  x 10 
4 4 . 0 0  x 10 
4 2 . 1 0  x 10 




3 . 3 6  x 10 
5 . 0 8  x 10 




1 . 5 9  x 10 
1 . 4 6  x 10 
1 . 7 5  x 10 ( d i s c )  
-423°F 
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  Cyc le s  t o  F a i l u r e  
40 .0  
40 .O 
3 7 . 5  
36 .O 
36 .O 
35 .0  
30 .0  
25  .O 
25 .O 
2 2 . 5  
20 .o  
i a  .o 
18 .O 




2 .00  x 10  
3 . 0 0  x LO f 
5 . 0 0  x 10 
3 
4 
8.00 x 10 g 
2 . 3 0  x 10 




2 . 9 0  x 10 
7.10 x 10 




8 . 6 1  x 10 
1.00 x 10 ( d i s c )  
1 .04  x 10 ( d i s c )  
a .  S t r e s s  r a t i o  (R) = -1. 
b thru g. Specimen previously run a t  indicated s t r e s s  for number of cyc le s  shown without fa i lure .  
Stress 




b 8 .O 1.135 x 10 
8 .O 1 . 5 5 3  x 10 
d 8.0 1 .480  x 10 
e 6 
6 f 18.0 1 . 0 0  x 10 
6 g 18 .O 1 . 0 4  x 10 
t i .  SIX ciriic n LcsLed wi thout  wedges t o  p re load  e n d s .  
C 
16 .O 1 . 7 5  x 10 
Martin-CR- 65-70 
Table B-11 Fatigue Propertiesa of Unnotched Parent Metal 7106-T6 Aluminum Alloy (R = -1) 
Cycles t o  Fa i lure  
2.00 x 10 b 
4.00 x 10 
6.00 x 10 
8.00 x 10 c 
9.00 x 10 
2.50 x 10 
3.10 x 10 
5.20 x 10 
1.66 x 10 
3.83 x 10 j 
6.04 x 10 j 
5.82 x 10 j 
1.12 x 10 (disc) 
9.75 x 10 


















Tension S t r e s s  






















2.30 x 10 
3.50 x 10 
1.02 x 10 
6.40 x l o 3  d 
9.40 x 10 e 
1.03 x 10 
1.10 x 10 f 
1.95 x 10 
8.16 x 10 
1.63 x 10 
2.61 x 10 
6.51 x 10 
7.72 x 10 
1.12 x 10 (disc) 
1.21 x 10 (disc) 















Tension S t r e s s  
(1000 ps i )  
70°F 
Maximum 
Tension S t r e s s  
















a .  S t r e s s  Ratio (R) = -1. 
b th ru  i. Specimen previously run a t  indicated s t r e s s  f o r  number of cycles shown without f a i l u r e .  









b 12.0 1.10 x 10 
C 13.0 1 .12  x 10 
d 36 .O 1.21  x 10 
e 34.0 1.48 x 10 
f 36.0 1.12 x 10 
g 40.2 1.05 x 10 
h 40 .O 1.06 x 10 
i 42.5 1.07 x 10 





















1.00 x 10 g 
5.00 x 10 h 
8.00 x 10 
2.00 x 10 











4.30 x 10 
4.90 x 10 
1.39 x 10 
5.90 x 10 
2.62 x 10 
3.98 x 10 
1.07 x 10 (disc) 
1.05 x 10 (disc) 
8.20 x 10 
1.06 x 10 (disc] 
Martin-CR-65-70 




Tension S t r e s s  
(1000 p s i )  
56.0 I 50.0 
40.0 1 40.0 
I 40.0 




25.0 1 20.0 
Cycles t o  F a i l u r e  
2.00 x 10 
8.00 x 10 













7.00 x 10 b,d 
1.20 x 10 b,e 
7.50 x 10 
9.10 x 10 
8.30 x 10 
2.00 x 10 
1.94 x 10 
3.06 x 10 
1.10 x IO6 (disc) 
1.12 x lo6  (d isc)  
1.27 x lo6 ( d i s c )  
-320'F 
Maximum 
Tension S t r e s s  
















Cycles t o  F a i l u r e  
2.40 x 10 
2.80 x 10 
3.40 x 10 













1 .08  x 10 
1.84 x 10 h 
3.20 x 10 
4.25 x 10 
1.36 x 10 
3.27 x 10 
6.13 x 10 
1.11 x lo6  (d isc)  
1.18 x lo6  ( d i s c )  




rension S t r e s s  
















Cycles t o  F a i l u r e  
1.00 x 10 i 
4.00 x 10 j 
3.00 x 10 k 
5.00 x 10 













2.80 x 10 
4.50 x 10 
9.00 x 10 
1.65 x 10 
1.76 x 10 
5 .71  x 10 
1.00 x l o 6  ( d i s c )  
1 . 0 8  x lo6 ( d i s c )  
1.10 x 10 ( d i s c )  
6 
a .  S t r e s s  Rat io  (R) = 0.01. 
b. Specimen f a i l e d  through g r i p  a rea .  
c t h r u  k. Specimen previously run a t  i n d i c a t e d  s t r e s s  f o r  number of c y c l e s  shown wi thout  f a i l u r e .  





20 .o 1.10 x 10 





e 20 .o 1.12 x 10 
f 47.0 1.20 x 10 
g 50 .O 1.11 x 10 
h 47.0 1.18 x 10 
6 
6 
50 .O 1.10 x 10 
50.0 1 .08  x 10 
6 k 50.0 1.00 x 10 
Martin-CR-65-70 
b Table B-13 Fatigue Proper t ies  a of Notched Parent Metal 7106-T6 Aluminum Alloy 
70°F 
Maximum 
Tension S t r e s s  

















Cycles t o  Fa i lu re  
0 .oo 
2.00 x 10 
2.00 x 10 c 
2.50 x 10 
3.00 x 10 d 
5.50 x 10 
1.25 x 10 
1.70 x 10 e 
3.70 x 10 
8.25 x 10 











4.15 x 10;) 
6 
1.11 x 10 (disc) 
5 3.36 x 10 
6 1.12 x 10 (d isc)  



















Cycles t o  Fa i lu re  
3 3.80 x 10 
5.40 lo3 f 
1.61 x 10 4 










2.15 x 10 
4.72 x 10 
5.44 x 10 
1.27 x 10 
1.69 x 10 
1.76 x 10 
1.12 x 10 (disc) 
9.70 x 10 
1.14 x 10 (disc) 
-423'F 
Maximum 
Tension St ress  






















1.00 x 10 
1.00 x 10 g 
2.00 x 10 
4.00 x 10 
7.00 x 10 
1.00 x 10' h 
1.50 x 10 
2.10 x 10 i 




1.18 x 10' 
5 4.54 x 10 
5 3.25 x 10 
6 1.05 x 10 (disc) 
6 1.10 x 10 (disc) 
6 1 . 1 7  x 10 (disc) 
a.  S t r e s s  Ratio (R) = -1. 
b .  
c th ru  i. 
Stress concentration factory (Kt) - 3.5. 
Specimen previously run a t  indicated s t r e s s  for number of cycles shown without failure. 








C 5.0 1.12 x 10 
d 6 .O 1.11 x 10 
e 5.0 1.14 x 10 
f 10 .o 1.14 x 10 
g 12.5 1.10 x 10 
h 12.5 1.17 x 10 
i 12.5 1.05 x 10 
B -14 
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Table B-14 Fatigue Proper t iesa  of Welded 7106-T6 Aluminum Alloy 
70°F 
Maximum 
Tension S t r e s s  















Cycles t o  Fa i lure  
1.00 x 10 
3.00 x 10 
1.90 x 10 
5.30 x 10 b 
6.80 x 10 
1.10 x 10 
1.90 x 10 
8.00 x 10 
3.10 x 10 
8.40 x 10 
3.60 x 10 
2.63 x 10 
1.15 x 10 (disc) 


















Tension S t r e s s  

















Cycles t o  Fa i lu re  
1.40 x 10 
4.18 x 10 c 
5.05 x 10 
3.70 x 10 
1.28 x 10 d 
1.60 x 10 
9.37 x 10 e 
4.90 x 10 










7.80 x 10' 
5 2.88 x 10 
5 
1.90 x 10 
5.97 x 10' 
1.25 x 10 6 (disc)  
1.14 x 10 6 (disc) 
1.46 x l o 6  (disc)  
-423°F 
Maximum 
Tension S t r e s s  
















Cycles t o  Fa i lure  
1.00 x 10 
6.00 x 10 f 
8.00 x 10 g 
2.00 x 10 
1 .00  x 10 
1.30 x 10 h 
4.50 x 10 
4.50 x 10 
4.10 x 10 
6.69 x 10 
2.55 x 10 
3.12 x 10 
1.01 x 10 (disc)  
1.12 x 10 (disc: 















a .  S t r e s s  Ratio (R) = -1. 














1.15 x 10 
1.25 x 10 
1.14 x 10 
1.46 x 10 
1.01 x 10 
1.13 x 10 










Tab le  B-15 F a t i g u e  P r o p e r t i e s a  of P a r e n t  Metal 2219-T87 Aluminum A l l o y  
Maximum 
Tens i o n  
S t r e s s  
(1000 p s i )  
~ ~~ 
50 .O 
4 6  .O 
4 6  .O 
4 0 . 0  
4 0  .O 
4 0  .O 
4 0  .O 
3 5  .O 
35  .o 
3 5 . 0  
3 0 . 0  
3 0 . 0  
3 0  .O 
25  .O 
25  .O 
25  .O 
2 2 . 5  
2 2 . 5  
2 2 . 5  
20 .o 
2 0  .o  
70'F 






















9 . 0 0  x 10 
3 . 0 0  x 10 
3 . 0 0  x 10 
4 . 0 0  x 10 
9 . 9 0  x 10 
1 . 4 9  x 10 
2.27  x 10 
2 . 4 3  x 10 
2 . 8 2  x 10 
3.19 x 10 
4 . 8 6  x 10 
1 . 4 0  x 10 
1 . 6 6  x 10 
1 . 8 0  x 10 
3 . 0 8  x 10 
6 . 7 6  x 10 
3 . 5 6  x 10 
9 . 5 2  x 10 
3 . 4 0  x 10 
4 . 4 5  x 10 
1 . 2 4  x 10 ( d i s c )  
Temperature 
-320 O F  
Maximum 
Tens ion  
S t r e s s  





3 5 . 0  
35 .o 




20 .0  
1 5 . 0  
15 .O 
1 5 . 0  










6.00 x 10 
1.70  x 10 
1 . 9 0  x 10 
4 . 5 1  x 10 
6 . 4 6  x 10 
8 . 0 2  x 10 
1 .16  x 10 
1.01 x 10 
1 . 0 5  x 10 b 
2 . 0 5  X IO6 b 
5 . 2 1  x 10 ( d i s c )  
1 . 0 5  x 10 
2 . 2 1  x 10 






Tens i o n  
S t r e s s  
(1000 p s i )  
6 2 . 5  
6 2 . 5  
62 .5  
6 2 . 5  





4 7 . 5  
4 7 . 5  
4 7 . 5  
4 0  .O 
4 0 . 0  
40  .O 
-423 O F  
~~ 
Cyc les  t o  F a i l u r e  
3 
3 
1 . 5 0  x 10 
3 . 0 0  x 10 
4 . 0 0  x 10 
7.00  x 10 
7 . 5 0  x 10 
4 . 4 0  x 10 
6.60  x 10 
8.90  x 10 
1 . 2 4  x 10 
1.73 x 10 
1 . 7 4  x 10 
3.05  x 10 
7 . 9 5  x 10 
1 . 4 0  x 10 ( d i s c )  
1 . 4 6  x 10 ( d i s c )  













a. Axial load R = -1. 
b .  Failed through pinholes. 
c. 6 Specimen previously run a t  40,000 psi for 1.46 x 10 c y c l e s  without failure. 
B-16 
Martin-CR-65-70 
Table B-16 F a t i g u e  P r o p e r t i e s a  of  Notchedb 2219-T87 Aluminum A l l o y  
Maximum 
Tens i o n  
S t r e s s  
( 1000 p s i )  
32 .O 
30 .0  
30 .O 
25.0 
2 5 . 0  
20 . o  
15 .O 
12 .o 





7 . O  
70 OF 





1.00 x 10 
1 .50  x 10 
1 . 6 0  x 10 c 
4.00 x 10 
4 . 0 0  x l o3  d 
1.00  x 10 
3 . 3 0  x 10 
9.70 x 10 
1.60  x 10 
3 . 6 3  x 10 
7.30 x 10 
1 .10 x 10 ( d i s c )  
1 . 1 5  x 10 ( d i s c )  














S t r e s s  
(1000 p s i )  
2 7 . 5  
25.0 
25 .O 
2 2 . 5  
20.0 
15.0  
10 . o  
10 .o  
10 .o 
7 . 5  
7 .O 
7 .O 
5 . 0  
6 . 0  
Cycles  t o  F a i l u r e  
2 .10 x 10 
3 .50  x 10 
4 . 3 0  x 10 e 
7 . 8  x 10 
1 .95  x 10 
4 . 9 0  x 10 
7 . 8 3  x 10 
8 .89  x 10 
7 . 6 1  x 10 
3 .09  x 10 
3 .98  x 10 
4 . 6 6  x 10 
1 .07  x 10 

















S t r e s s  
(1000 p s i )  
35 .0  
30 .O 
29 .O 
2 7 . 5  
25 .O 
2 2 . 5  
22.5 
20 .o 
1 7 . 5  
15 .O 
1 2 . 5  





Cycles  t o  F a i l u r e  
1.00 x 10 
2 .00  x 10 f 
3 
3 
5.00  x 10' g 
8.00 x 10' h 
1.20  x 10 
1 .00  x 10 
1 .50  x 10 
2.80 x 10 
3 .90  x 10 
1 .04  x 10 
1 . 7 2  x 10 
4 .34  x 10 
1.00 x LO6 ( d i s c )  
1 . 0 1  x 10 ( d i s c )  










a .  S t r e s s  r a t i o  ( R )  = -1. 
b .  
c thru h. Specimen previously run a t  indicated s t f e s s  for  number of cyc les  shown without 
S t r e s s  concentraLion ( K t )  = 3 . 5 .  
fa i lure .  
Stress  








8.0 1 .10  x 10 
d 7.0 1 . 1 5  x 10 
e 6.0 6 . 9 4  x 10 
f 7.0 1 .01  x 10 
g 7 .O 1.02  x 10 
h 7.0 1.00 x 10 
B-17 
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Tab le  B-17 F a t i g u e  P r o p e r t i e s a  of Welded 2219-T87 Aluminum A l l o y  
Maximum 
Tens i o n  
S t r e s s  





20 .o  
20 .o  
15  .O 
1 5  .O 
1 5  .O 
10.0  
10 .o  
10.0 
70°F 












1 .00  x 10 
6 .00  x 10 
9 .00  x 10 
2 .40  x 10 
3 .30  x 10 
5 .30  x 10 
7 .90  x 10 
1 .94  x 10 
2 .09  x 10 
2 .04  x 10 
1 .22  x 10 




Tens i o n  
S t r e s s  
(1000 p s i )  
32 .O 
32.0  




17 .5  
17 .5  
17 .5  
1 2 . 5  
1 2 . 5  
1 2 . 5  













3 .10  x 10 
5 .50  x 10 
5 . 7 0  x 10 
4 . 1 0  x 10 
4 .74  x 10 
5.14 x 10 
1 .89  x 10 
3 .19  x 10 
5 . 9 1  x 10 
9 .93  x 10 
3 .27  x 10 
4 . 5 7  x 10 
Maximum 
Tens i o n  
S t r e s s  
(1000 p s i )  
45  .0 
45  .O 
45.0  
4 5 . 0  
45 .O 









22 .5  
2 2 . 5  
-423 O F  















1 .00  x 10 
1 .00  x 10 
2 .00  x 10 
2 .00  x 10 c 
5 .00  x 10 c 
1.70 x 10 
3 .50  x 10 
5 .50  x 10 
7.40 x 10 
1 . 1 7  x 10 
2 .13  x 10 
2 .36  x 10 
4 . 2 2  x 10 
7 . 7 8  x 10 
1 .04  x lo6  ( d i s c )  
1 . 1 3  x 106 ( d i s c )  
1 .  A x i a l  load R = -1 
J .  
1. 
Specimen p r e v i o u s l y  run  a t  22,500 p s i  f o r  1 .04  x l o 6  c y c l e s  wi thou t  f a i l u r e .  




S t r e s s  





30 .0  
30 . O  
30 .O 
25 .o 







Table B-18 Fatigue Propert iesa  of Parent Metal 2219-T62 Aluminum Alloy 
70°F 
Cycles t o  Fai lure  
3 4 .00  x 10 
3 5.00 x 10 
5.00 x 10 3 
3 1.00 x 10 
4 1 . 5 0  x 10 
4 1.50 x 10 b 
4 
4 
3.20 x 10 c 
6.30 x 10 
5 3.32 x 10 
2.70 x 10' 
5 7.27 x 10 
6 1.43 x 10 
6 3 .45 x 10 (d isc)  





S t r e s s  
















20 .o  
18 .O  
18 .O 
18 .O 
Cycles t o  Fa i lu re  
7.00 x 10' d 
3 1.30 x 10 
3 
3 
1.50 x 10 e 
1.90 x 10 
2.60 x 10 3 
s . so  x l o3  f 
3 
4 
9.90  x 10 












2.37 x 10 
3.85 x 10 
1.35 x 10 
1.58 x 10 
2.75 x 10 
8 . 6 8  x 10 
7 . 6 8  x 10 
1.33 x 10 
1.68 x 10 (d i sc )  
2.02 x 10 (d i sc )  
2.23 x 10 (ds i c )  
Maximum 
Tension 
S t r e s s  

















Cycles t o  Fa i lu re  
3 
1.00 x 10 
2.00 x 10 g 3 
3 4.00 x 10 h 
3 8.00 x 10 
3 .  7 .00 x 10 1 
4 1.20 x 10 
4 
4 
3.80 x 10 
9.00 x 10 
4 
4 
5.70 x 10 
8.50 x 10 
3.93 lo5 
5 4.42 x 10 
1.02 x 10 6 (d i sc )  
1.04 x 10 6 (d i sc )  
1.12 x 10 6 (d i sc )  
a .  S t r e s s  r a t i o  (R) - -1. 
b thru  i .  Specimen previously run a t  indicated s t r e s s  
S t r e s s  









f o r  number of cyc le s  shown without f a i l u r e .  
Cycles 
6 3.14 x 10 
6 3.45 x 10 
6 2.02 x 10 
2.23 x 10 6 
6 1.68 x 10 
6 1.12 x 10 
6 1.04 x 10 
6 1.02 x 10 
B-19 
Mart in-CR- 65- 70 




Tens ion  
S t r e s s  





20 .o  
1 5  .O 
15 .O 
1 5  .O 
10 .o 
10 .o 
7 . 5  
7 . 5  
7 . 5  
7 . 5  
6 .O 
70°F 
Cycles  t o  F a i l u r e  
3 2.00 x 10 c 
3 4 .00  x 10 d 
3 
5 . 0 0  x 10 e 












7 .00  x 10 
2 . 2 0  x 10 
2 . 8 0  x 10 
3 .00  x 10 
1 . 0 6  x 10 
1.14 x 10 
7 .45  x 10 
8 . 7 8  x 10 
1 . 1 5  x 1 0  ( d i s c )  
1 . 2 6  x 10  ( d i s c )  
1 .52  x 10 ( d i s c )  
Maximum 
Tension 
S t r e s s  
(1000 p s i )  
30 .O 
30 .O 
20 .o  
20 .o  









Cycles  t o  F a i l u r e  
3 1 . 2 0  x 10 
3 
4 
2 .30  x 10 f 
1 .20  x 10 g 




7.43 x 10 
1 . 0 5  x 10 






3 . 4 5  x 1 0  
5 .39  x 10 
1.11 x 10 ( d i s c )  
1 . 1 3  x 10 ( d i s c )  
1 . 7 0  x 10 ( d i s c )  
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
40 .0  
35 .O 
3 0 . 0  
25 .O 
2 2 . 5  
20 .o  
1 7  .O 
1 6 . 5  
15 .O 
1 2 . 5  
10 .o  




Cyc les  t o  F a i l u r e  
3 1.00 x 10 
3 2 . 0 0  x 10 
3 4.00 x 10 i 











7 . 0 0  x 10 
1 . 7 0  x 10 
2 . 2 0  x 10 
7 .40  x 10 
1 . 5 7  x 10 
3 . 8 5  x 10 
1 . 0 3  x 10 ( d i s c )  
9 . 2 0  x 10 
1 . 0 3  x 10 ( d i s c )  
a .  S t r e s s  r a t i o  (R) = -1. 
b .  S t r e s s  c o n c e n t r a t i o n  ( K t )  = 3 . 5 .  
c t h r u  j. Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  s t r e s s  f o r  number o f  c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  









c' 6 . 0  1.52 x 10 
d 7 .5  1 . 2 6  x 10 
e 7 .5  1 . 1 5  x 10 
f 5 . 0  1 . 7 0  x 10 
g 5.0 1.11 x 10 
h 5 . 0  1.13 x 10 
i 6 . 0  1.03 x 10 
j 7.5 1.03 x 10 
I B-20 
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T a b l e  B-20 F a t i g u e  P r o p e r t i e s a  of Welded 2219-T62 Aluminum A l l o y  
Temperature  
Maximum 
Tens ion  
S t r e s s  


















Cycles  t o  F a i l u r e  
3 1.00 x 10 
1 .00  x 10 b 3 
3 2 . 0 0  x 10 c 
3 8.00 x 10 











5 . 7 0  x 10 
7 . 6 0  x 10 
7 . 8 0  x 10 
1 . 5 4  x 10 
3 . 0 3  x 10 
3 . 2 0  x 10 
1 . 1 9  x 10 
1 . 5 0  x 10 ( d i s c )  
1 . 3 0  x 10 ( d i s c )  
1.46 x 10 
Maximum 
Tens ion  
S t r e s s  






3 0  .O 
3 0  .O 
30 .O 
20 .o  






Cyc le s  t o  F a i l u r e  
~ 
3 1.4 x 10 d 
3 
1.7  x 10 e 
3 . 5  x 10 3 
3 4 . 1  x 10 
4 










2 . 2 1  x 10 
4 . 2 8  x 10 
5 . 1 4  x 10 
2 . 1 0  x 10 
4 . 8 3  x 10 
3 . 4 0  x 10 
1 . 1 1  x 10 
1 . 8 1  x 10 
1 . 2 0  x 10 
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
50 .O 
50 .O 
5 0 . 0  
4 7 . 5  
4 5  .o 
4 2 . 5  
4 1  .O 
40 .O 
3 5  .o 
3 0  .O 
3 0  .O 
2 8 . 5  
2 5  . O  
25 .O 
2 2 . 5  
2 2 . 5  
-423 O F  
~ 
Cyc les  t o  F a i l u r e  
3 
1.00 x 10 
2 . 0 0  x 10 3 
3 . 0 0  x 10 3 g 
3 
4.00 x 10 h 
3 
9 . 0 0  x 10 
4 
4 
1 . 2 0  x 10 i 
2 . 0 0  x 10 




1.00 x 10 
3 . 6 0  x 10 
2 . 5 5  x 10 





4 . 6 2  x 10 
1 . 0 2  x 10 ( d i s c )  
1.00 x 10 ( d i s c )  
1 . 0 8  x 10 ( d i s c )  
a .  S t r e s s  r a t i o  (R) = -1. 
b t h r u  i .  Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  stress f o r  number o f  c y c l e s  shown w i t h o u t  f a i l u r e  
S t r e s s  
b 12  .o 1 .50  x 10 
10.0 1 . 3 0  x 10 
d 15.0 1.11 x 10 
e 1 5 . 0  1 . 8 1  x 10 
f 15.0 1 . 2 0  x 10 
g 22.5 1.00 x 10 
h 25.0 1 . 0 2  x 10 










i 22.5 1 . 0 8  x 10 
a 
.=.- e 
















































1.50 x 10 
4.00 x 10 
5.00 x 10 
5.00 x 10 
8.00 x 10 
1.10 x 10 
1.40 x 10 
2.83 x 10 
4.30 x 10 
5.25 x 10 
5.25 x 10 
1.70 x 10 
4.59 x 10 
5.33 x 10 
1.00 x 10 
1.69 x 10 
4.96 x 10 (disc) 






















Cycles t o  Failure 
3 1.50 x 10 
4.50 x 10’ 
4.60 x 10’ 
3 9.10 x 10 
4 1.64 x 10 
4 1.65 x 10 
4 
4.37 x 10 
6.21 x 10 
6.87 x 10 
1.32 x 10 
2.38 x 10 
7.94 x 10 
1.10 x 10 
4.43 x 10 (disc) 









































7.00 x 10 
8.00 x 10 
1 .oo x 10 
1.60 x 10 
3.20 x 10 
3.30 x 10 
8.90 x 10 
3.05 x 10 
3.20 x 10 
5.19 x 10 
8.86 x 10 (disc) 
9.07 x 10 
1.52 x 10 (disc) 
B-22 
Martin-CR- 65-70 
T a b l e  B-22 F a t i g u e  P r o p e r t i e s a  of Notchedb 5456-H343 Aluminum A l l o y  
Maximum 
Tens ion  
S t r e s s  







10 .o  
10 .o 
8 .O 
7 . 5  




Cyc les  t o  F a i l u r e  
3 
1 .oo x 10 
6.00 x 10 3 
3 
4 
7.00 x 10 
2.80 x 10 
3 . 2 0  x 10 





2 .09  x 10 
3 . 8 3  x 10 
3 . 0 4  x l o J  
6 
1 . 1 8  x 10 
6 1 . 5 1  x 10 ( d i s c )  
6 7 .23 x 10 ( d i s c )  
Temperature  
Maximum 
Tens ion  
S t r e s s  










7 . 5  





a .  S t r c s s  r a t i o  ( R )  = -1. 
b .  S t r e s s  c o n c e n t r a t i o n  ( K t )  = 3 . 5 .  
-320°F 
Cyc le s  t o  F a i l u r e  
1 .00 x 10 3 c 
1 .60  x 10 3 d 
3 
3 
2.30 x 10 
3 .80  x 10 
3 
3 
6 .10  x 10 e 










3 . 7 1  x 10 
8 . 1 5 , ~  10 
3 . 4 4  x 10 
1 .50  x 10 
2 . 2 4  x 10 
6 . 8 8  x 10 
1 . 6 6  x 10 ( d i s c )  
1 .96  x 10 ( d i s c )  
1 .70  x 10 ( d i s c )  
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
~~ ~ 
30 .O 
25  .O 
2 2 . 5  
2 2 . 5  
21 .5  
20 .o 
1 8 . 5  
1 7 . 5  
16 .O 
15 .O 
1 4  .O 





Cyc les  t o  F a i l u r e  




3 . 0 0  x 10 
3 .00  x 10 f 
3 .oo x 10 
3 
4 
2.00 x 10 g 
1 .30  x 10 
6 .00  x lo3  h 
2.90 x 10 4 
5.90 x 10 4 
9 .70  x 10 4 
5 
5 
1 .09  x 10 
3 . 0 6  x 10 
1 . 0 2  x 10 6 ( d i s c )  
1 .05  x 10 ( d i s c )  
1 . 0 5  x 10 ( d i s c )  
6 
6 
c t h r u  h .  Specimen p r e v i o u s l y  run  a t  i n d i c a t e d  s t ress  f o r  number of c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  







C 4.0 1 . 6 6  x 10 
d 4.0 1 . 9 6  x 10 
e 3.0 1.70 x 10 
f 9 .O 1.02 x 10 
g 9 . 0  1 .05 x 10 






















~ _ _ _ _ _ _ _ ~ ~  
Cycles t o  Failure 
3 
3 
2.00 x 10 
2.00 x 10 










1.60 x 10 
2.20 x 10 
4.50 x 10 
2.45 x 10 
3.33 x 10 
3.90 x 10 
5.35 x 10 
2.44 x 10 
3.71 x 10 
































2.60 x 10 
4.80 x 10 
8.40 x 10 
1.44 x 10 
2.54 x 10 
4.94 x 10 
2.04 x 10 
2.62 x 10 
4.21 x 10 
1.41 x 10 
2.58 x 10 


















Cycles to Failure 
4 1.20 x 10 
3 .oo x 10 3 







2.70 x 10 
2.40 x 10 
8.70 x 10 
9.90 x 10 
3.30 x 10 
4.12 x 10 
1.00 x lo6 (disc) 
1.07 x 10 (disc) 





T a b l e  B-24 F a t i g u e  P r o p e r t i e s a  o f  P a r e n t  Metal  7075-T6 Aluminum A l l o y  
Maximum 
Tens ion  
S t r e s s  










1 7 . 5  
1 7 . 5  
1 7 . 5  
12 . 5  
1 2 . 5  
1 2 . 5  
70°F 
~ 
Cyc les  t o  F a i l u r e  
3 
3 
1.50 x 10 














2 .00  x 10 
1 .40  x 10 
1 .80  x 10 
1.90 x 10 
2.80 x 10 
3 . 2 0  x 10 
4.10 x 10 
3 .06 x 10 
3 . 4 4  x 10 
4 .20  x 10 
2 .07  x 10 
2.57 x 10 




S t r e s s  













1 7 . 5  
1 7 . 5  
-320°F 
Cyc le s  t o  F a i l u r e  
3 
3 
2 .20  x 10 













6 .70  x 10 
7 . 1 2  x 10 
7 . 9 8  x 10 
9.32 x 10 
1 . 3 2  x 10 
2 .67  x 10 
6 . 5 8  x 10 
1.32 x 10 
3 . 4 4  x 10 
4 .30  x 10 
5 .12  x 10 ( d i s c )  
5 . 3 5  x 10 ( d i s c )  
Maximum 
Tens ion  
S t r e s s  












42 .5  
3 7 . 5  
3 5  .o 
3 5  .O 
3 5  .O 
-423 OF 
Cyc les  t o  F a i l u r e  
1 .00 x 10 
1 . 0 0  x 10 
1 .00  x 10 b 
2 .00  x 10 
4 .20  x 10 
4 .20  x 10 
7.10 x 10 
8 .80  x 10 
1.42 x 10 
4 . 3 5  x 10 
4 .35  x 10 
4.63 x 10 
4 . 0 5  x 10 
1 .OB x 10 
1.11 x 10 ( d i s c )  

















2 .  Axia l  load R = -1. 
1 .  Specimen p r e v i o u s l y  run a t  35 ,000  p s i  f o r  1.11 x lo6  c y c l e s  w i t h o u t  f a i l u r e .  
~ 
B-2 5 
Mart in-CR- 65 -70 
b T a b l e  B-25 F a t i g u e  P r o p e r t i e s a  of Notched 7075-T6 Aluminum A l l o y  
Maximum 
Tens ion  
S t r e s s  












7 . 5  
7 . 5  
7 . 5  
70 O F  
Cyc le s  t o  F a i l u r e  
3 
3 . 0 0  x 10 














4 .00  x 10 c 
4 .00  x 10  d 
1 .60  x 10 
2 .70  x 10 
9.00 x 1 0  e 
4 .40  x 10 
5.52 x 10 
7 . 2 2  x 10 
5.37 x 10 
1 .78  x 10 ( d i s c )  
1 . 4 6  x 10 ( d i s c )  




S t r e s s  
(1000 p s i )  
25 .O 
2 2 . 5  
20 .o 
20 .o 
1 7 . 5  
15 .0  
13.5 













1.00  x 10  f 
2.00 x 10  g 
4 .00  x 10  h 
1 .10  x 10 
1.20 x 10 
1 .00  x 10 
2.30 x 10 
5.20 x 10 
5.50 x 10 
8.80 x 10 
1 . 3 8  x 10 
2.32 x 10 
9 .70  x 10 
1 . 3 5  x 10 ( d i s c )  














Tens ion  
S t r e s s  





1 7 . 5  
15 .O 
1 4  .O 
13 .5  





-423 O F  
Cyc les  t o  F a i l u r e  
~ ~~ 
3 
1 .00  x 10 
5.00 x 10 
1.30 x 10 i 
1 .20  x 10 
1 .60  x 10 













7 .40  x 10 
1 . 7 4  x 10 
4.07 x 10 
2 . 7 2  x 10 
5 .13  x 10 
1 .02  x 10 ( d i s c )  
1.07 x 10 ( d i s c )  
3 .  S t r e s s  r a t i o  (R) = -1. 
b .  S t r e s s  c o n c e n t r a t i o n  ( K t )  = 3 . 5 .  
c t h r u  i .  Specimen p r e v i o u s l y  run  a t  i n d i c a t e d  s t r e s s  f o r  number of c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  








C 7.5 5 .03 x 10 
d 7.5 1 .46  x 10 
e 7.5 5.37 x 10 
f 5.0 1 . 7 2  x 10 
s 5 .O 1.88  x 10 
h 5.0 1 . 3 5  x 10 
i 10.0 1 .07  x 10 
B-26 
Martin-CR-65-70 
T a b l e  B-26 Fa t igue  P r o p e r t i e s a  o f  P a r e n t  Metal  2020-T6 Aluminum Al loy  
Maximum 
Tens ion  
S t r e s s  











20 .o  










2.00 x 10 
2 .oo x 10 
4 .00  x 10 












9 .oo x 10 
1 .oo x 10 
4 .80  x 10 
8 .50  x 10 
9 .30  x 10 
1 . 2 5  x 10 
1 .49  x 10 
1 .60  x 10 
1 .76  x 10 
3 .90 >. 10 
1 .03  x 10 ( d i s c )  
Temp e r a  t u r e  
-320°F 
Maximum 
Tens ion  
S t r e s s  















22 .5  
22 .5  
22 .5  





1.00 x 10 
1 .20  x 10 
2 .30  x 10 














4 . 3 1  x 10 
9.23  x 10 
7 .42  x 10 
7.70 x 10 
1 .22  x 10 
1 .97  x 10 
1 . 1 6  x 10 
1 .49  x 10 
3 . 2 7  x 10 
1 .22  x 10 
1 .37  x 10 
2 .13  x 10 
4 . 1 6  x 10 
Maximum 
Tens ion  
S t r e s s  
(1000 p s i )  
~ 
70 .O 






























3 .00  x 10 b 
4 .00  x 10 
1 .50  x 10 
1 .70  x 10 
2 .10  x 10 c 
2 .90  x 10 
4 .30  x 10 
8 . 6 0  x 10 
1 . 1 6  x 10 
1 .53  x 10 
1 .99  x 10 
7 .75  x 10 
1 . 0 9  x 10 
1 . 4 1  x 10 ( d i s c )  
1 .50  x l o 6  ( d i s c )  
a .  Axia l  load  R = -1. 
b and c .  Specimen p rev ious ly  run  a t  i n d i c a t e d  stress f o r  number o f  c y c l e s  shown w i t h o u t  
S t r e s s  
f a i l u r e .  
Foo tno te  (1000 psi)-  Cycles  
6 
6 
b 40.0 1.50  x 10 
C 40.0 1 .41  x 10 
e 
T a b l e  
Mar tin-CR- 65-70 
a 




Tens i o n  
S t r e s s  



































5.00 x 10 b 
1.00 x 10 
1.00 x 10 
2.00 x 10 c 
5.00 x 10 
6.00 x 10 d 
8.00 x 10 
1.20 x 10 
7.20 x 10 
9.80 x 10 
2.98 x 10 
1.09 x 10 
4.74 x 10 
1.14 x 10 ( d i s c )  
1.25 x 10 ( d i s c )  
1 .31  x 10 ( d i s c )  
Temperature 
Maximum 
Tens ion  
S t r e s s  































9-00 x 10 e 
1.92 x 10 
4.33 x 10 f 
4.50 x 10 
6.02 x 10 g 
1.09 x 10 
1.82 x 10 
1.84 x 10 h 
3.70 x 10 
1.99 x 10 ( d i s c )  
8.38 x 10 
1.81 x 10 ( d i s c )  
2.28 x 10 ( d i s c )  
2.32 x 10 ( d i s c )  
Maximum 
Tens i o n  
S t r e s s  
















Cycles  t o  F a i l u r e  
3 
3 
1.0 x 10 i 
1.0 x 10 j 
1.0 x IO3 k 
1.2 x 10 
1.7 x 10 
4 
4 
3.6 x 10 4 
4 
4 
3.4 x 10 
4.6 x 10 
1.31 x 10 
1.69 x 10 
4 2.7 x 10 
4.86 x 10 
1.00 x 10 ( d i s c )  
1.01 x 10 ( d i s c )  







a .  S t r e s s  r a t i o  ( R )  = -1. 
b t h r u  k. Specimen p r e v i o u s l y  run  a t  i n d i c a t e d  s t r e s s  f o r  number of c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  











b 30.0 1.31 x 10 
C 31.0 1.14 x 10 
d 30.0 1.25 x 10 
e 42.0 1.81 x 10 
f 45.0 1.99 x 10 
g 40.0 2.28 x 10 
h 40.0 2.32 x 10 
i 50.0 1.00 x 10 
j 50.0 1.00 x 10 
k 50.0 1.01 x 10 
B-28 Mar tin-CR-65-70 
b 
T a b l e  B-28 F a t i g u e  P r o p e r t i e s a  of  Notched A I S 1  321 S t a i n l e s s  S t e e l  A l l o y  
L . 
Maximum 
Tens ion  
S t r e s s  






























1.00 x 10 
2.00 x 10 c 
4.00 x 10 d 
6.00 x 10 
2.80 x 10 e 
3.40 x 10 
5.20 x 10 
1 . 2 2  x 10 
1 . 1 7  x 10 
3.42 x 10 
6.59 x 10 
1 . 1 2  x lo6  ( d i s c )  
7 .44 x 10 
1.56 x LO6 ( d i s c )  






S t r e s s  



































8.20 x 10 
1.50 x 10 f 
6 .40 x 10 
6.70 x 10 g 
8.10 x 10 
1.48 X 10 h 
2.89 x 10 i 
3.91 x 10 
4.12 x LO 
8 .97  x 10 
1.57 x 10 
1 . 7 2  x LO 
5.82 x 10 
1.37 x 10 ( d i s c )  
1.10 x 10 ( d i s c )  
1 . 1 2  x lo6  ( d i s c )  
6.94 x 10 ( d i s c )  6 
Maximum 
Tension 
S t r e s s  




















Cyc le s  t o  F a i l u r e  
3 
3 
1.00 x 10 j 
2.00 x 10 k 
1.00 l o 3  1 
3 5.00 x 10 
7.00 x 10' 
3 9.00 x 10 
4 
1.80 x 10 
4 1.50 x 10 
4 3.10 x 10 
4 6.60 x 10 
4 9.70 x 10 
5 1.76 x 10 
5 4 .43  x 10 
5 1.19 x 10 
5 8 .12  x 10 
6 1.02 x LO ( d i s c )  
1.00 x LO6 ( d i s c )  
1 .03  x 10 ( d i s c )  6 
a .  S t r c s s  r a t i o  ( R )  = -1. 
b .  S t r c s s  c o n c e n t r a t i o n  ( K t )  = 3.5 .  
c t h r u  1. Specimen p r e v i o u s l y  run  a t  i n d i c a t e d  s t r e s s  f o r  number o f  c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  





1.37 x LO 6 
1.10 x 10 6 
6 . 9 4  x 10 6 
1.00 x 10 6 
1 .03  x 10 6 
1.02 x 10 6 
C 20.0 1.12 x 10 
d 16.0 1.49 x 10 
e 1 7  .O 1.56 x 10 
f 22.0 1 . 1 2  x LO 
g 23.0 
h 22.0 









Tab le  B-29 F a t i g u e  P r o p e r t i e s a  o f  Welded A I S 1  321 S t a i n l e s s  S t e e l  Alloy 
Maximum 
Tens ion  
S t r e s s  


















Cycles  t o  F a i l u r e  
1.00 X IO3 b 
3 
3 
2.00 x 10 














5.00 x 10 
6.00 x 10 d 
2.30 x 10 
6.60 x 10 
7.20 x 10 
1.90 x 10 
1.53 x 10 ( d i s c )  
7.89 x 10 
1.07 x 10 
1.45 x 10 
1.20 x 10 ( d i s c )  




Tens ion  
S t r e s s  















Cycles  to F a i l u r e  
1.10 x 10 e 
3.60 x 10 
5.70 x 10 f 
7.90 x 10 
5.06 x 10 
5.49 x 10 
1.58 x 10 















2.01 x 10 
1.30 x 10 
4.10 x 10 
1.12 x 10 ( d i s c )  
1.90 x 10 ( d i s c )  
2.24 x 10 
Maximum 
Tens i o n  
S t r e s s  

















Cycles  t o  F a i l u r e  
3 2.00 x 10 g 
I )  











4.00 x 10 i 
2.90 x 10 
9.00 x 10 
5.20 x 10 
5.20 x 10 
3.40 x 10 
1.33 x 10 
2.45 x 10 
3.61 x 10 
8.22 x 10 
6 1.0 x 10 ( d i s c )  
1.005 x 10 ( d i s c )  
1.103 x 10 ( d i s c )  
6 
6 
a .  S t r e s s  r a t i o  (R) = -1. 
b t h r u  i. Specimen p r e v i o u s l y  r u n  a t  i n d i c a t e d  s t r e s s  f o r  number o f  c y c l e s  shown w i t h o u t  
f a i l u r e .  
S t r e s s  









b 22.0 1.53 x 10 
C 18 .O 1.20 x 10 
4.50 x 10 d 18.0 
e 30.0 1.90 x 10 
f 30.0 1.12 x 10 
g 27.5 1.01 x 10 
h 27.5 1.00 x 10 
i 27.5 1.10 x 10 
B-30 
Mart in-CR- 65-70  









4 8  .O 
4 8  .O 
4 7 . 5  
47 .o  
45 .o 
45 .o 
4 0  .O 
38 .O 
35 .o 
3 2 . 5  
32 .O 
3 0  .O 
30 .O 
70°F 
Cycles to Failure 
3 
3 
2 .00  x 10 
3 . 0 0  x 10 
3 4 . 5 0  x 10 
3 5 . 5 0  x 10 b 
3 6.00  x 10 c 
4 
6 . 0 0  x 10 
4 
4 
5 .60  x 10 
6 . 2 0  x 10 d 
5.00 x 10 e 
5.10  x 10 
2.35  x 10 
6.18  x 10 
1.11 x 10 (disc) 
1 . 1 3  x 10 (disc) 
1.01 x 10 
1.11 x 10 (disc) 



















8 4  .O 
83 .O 
8 1  .O 
8 0  .O 
80.0  
7 5  .o 
7 0  .O 






Cycles to Failure 
~~ ~~ 
Failed Immediately 
2 1.00 x 10 f 
2 1.00 x 10 
1.00  x 10 
2.10  x 10 g 
2 
3 
4 4 . 8 0  x 10 h 
2 . 0 0  x 10 









6.28 x 10 
1.77 x 10 
3 . 3 4  x 10 
5.03 x 10 
7.30 x 10 
1.16 x 10 (disc) 
1.42  x lo6  (disc) 





(1000 p s i )  
90 .O 
8 7 . 5  
8 7 . 5  
8 6  .O 
8 5  .O 
8 0  .O 
7 8 . 5  
7 8  .O 
7 7 . 5  
7 5  .o  




6 5  .O 
~ ~~ 
Cvcles to Failure 
3 
3 
1.00 x 10 
1.00 x 10 
1.00 x 10 i 
3 . 0 0  x 10 
3 
3 
4 .  1.10 X 10 J 
4 
1 . 6 0  x 10 
1 . 0 3  x 10 5 






1.06 x 10 
5 . 3 3  x 10 
8 . 9 5  x 10 
9 . 9 8  x 10 
1.03 x 10 (disc) 
1.06 x 10 6 (disc) 
1.22 x 10 6 (disc) 
3 .  Stress ratio (R) = - 1  
> tliru k. Specimen previously run at indicated stress for number of cycles shown without failure. 











b 35 .o 1.11 x 10 
C 30 .O 1.11 x 10 
d 32.5  1.13 x 10 
e 30 .O 1.37 x 10 
f 4 0  .O 1.13 x 10 
g 55 .O 1 . 4 2  x 10 
I1 55 .o 1 . 1 6  x 10 
i 65 .O 1.03 x 10 
j 65 .O 1 . 0 6  x 10 































1.00 x 10 
1.00 x 10 c 
1.50 x 10 d 
3 
3 
1.50 x 10 











2.00 x 10 
1.95 x 10 
2.20 x 10 
5.75 x 10 
1.18 x 10 
1.34 x 10 
6.12 x 10 
5.11 x 10 
1.10 x 10 (disc) 






















Cycles to Failure 
2.40 x 10 
7.60 x 10 , 
8.00 x lo3 e 
8.70 x 10 












1.44 x 10 g 
2.75 x 10 
4.91 x 10 
9.52 x 10 
9.26 x 10 
8.90 x 10 





1.10 x 10 (disc) 
1.31 x 10 (disc) 





















Cycles to Failure 
3 
3 
2.00 x 10 




9.00 x 10 h 
1.30 x 10 i 
1.90 x 10 j 
2.70 x 10 
6.90 x 10 
8.10 x 10 
9.60 x 10 
4.97 x 10 
6.16 x 10 
7.99 x 10 
1.02 & 10 (disc) 
1.07 x 10 (disc) 
1.04 x 10 (disc) 










a. Stress ratio (R) = -1. 
b. Stress concentration ( K  ) = 3.5. 
c thru j. Specimen previously run at indicated stress for number of cycles shown without failure. 
t 









C 20.0 1.10 x 10 
d 20.0 1.12 x 10 
e 24.0 1.18 x 10 
f 26.0 1.10 x 10 
g 26.0 1.31 x 10 
h 12.5 1.04 x 10 
i 13.5 1.07 x 10 
j 13.5 1.02 x 10 
I B -32 Martin CR-65-70 
Table B-32 Fa t igue  P rope r t i e sa  of Welded A-286 S t a i n l e s s  S t e e l  Alloy 
a .  S t r e s s  r a t i o  (R) = -1. 




















6 1 . 1 2  x 10 
6 1 . 1 2  x 10 
6 1.13 x 10 
1.13 x lo6 
6 1.26 x 10 
6 1.01 x 10 
6 1.06 x 10 
1 .01  x 106 
Mart in-CR- 65- 70 
Table B-33 Fa t igure  Propertiesa of Unnotched Parent Metal Inconel 718 Nickel Alloy 
Maximum 
Tension S t r e s s  


















Cycles t o  Fa i lu re  
5.00 x 10‘ 
3 1.00 x 10 
3 1.00 x 10 b 
3 2.00 x 10 c 












4.20 x 10 d 
2.20 x 10 
5.70 x 10 
1.09 x 10 
1.55 x 10 
2.14 x 10 
9.32 x 10 
1.18 x 10 (d i sc )  
1.36 x 10 (d isc)  
1.27 x 10 (d i sc )  
Temperature 
Maximum 
























Cycles t o  Fa i lu re  
1.41 x 10 
1.40 x 10 
3.31 x 10 





1.30 x 10’ e 
5.10 x 10’ f 
1.05 x 10 
3.94 x 10 
2.04 x 10 
















4.02 x 10 
1.00 x 10 
1.93 x 10 
6.27 x 10 
1.09 x 10 
1.53 x 10 
1.10 x 10 
1.13 x 10 (d isc)  
1 .21  x 10 
1.18 x 10 (d isc)  
Maximum 
Tension S t r e s s  

















Cycles t o  Fa i lure  
1.00 x 10 
1.00 x 10 g 
3 
3 
3 1.00 x 10 h 











2.00 x 10 
1.41 x 10 
1.49 x 10 
3.90 x 10 
2.72 x 10 
4.64 x 10 
3.08 x 10 
3.87 x 10 
1.16 x 10 (d isc)  
1.01 x 10 (d isc)  
1.14 x lo6 (d isc)  
a. S t r e s s  r a t i o  (R) = -1. 




















1 .27  x 10 
1.18 x 10 
1.36 x 10 
1.13 x 10 
1.18 x 10 
1.14 x 10 
1.16 x 10 









I B -34 
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b Table B-34 Fa t igue  P rope r t i e sa  of Notched Pa ren t  Metal Inconel  718 Nickel  Alloy 
70 OF 
~ 





2.00 x 10 c 
3.00 x 10 
3.00 x 10 d 
4.00 x 10 e 
5.00 x 10' 
3 9.00 x 10 





7.40 x 10 
5.58 x 10 
3.22 x 10 
1.42 x lo6 ( d i s c )  
3.28 lo5 
1.19 x LO6 (d i sc )  




Tension S t r e s s  
























2.80 x 10 f 
4.10 x 10 
5.30 x 10 g 
5.50 x 10 
9.40 x 10 
1.25 x 10 4 
3.08 lo4 
4 1 . 7 7  x 10 
5 
5 
1.02 x 10 
3.66 x 10 




4.29 x 10 
7.10 x 10 
4.76 x 10 
9.21 x 10 5 
1.21 x lo6 ( d i s c )  
1.32 x lo6 ( d i s c )  
-423 "F 
Maximum 
Tension S t r e s s  
















Cycles t o  F a i l u r e  
6.00 x lo3 h 
1.10 x lo4 i 
1.10 x lo4 j 
3 
4 
8.00 x 10 
2.40 x 10 
3.10 lo4 
5.30 x 10 4 
2.11 lo5 
1.37 lo5 
2.94 lo5  
6.02 lo5 
5 2.23 x 10 
1.18 x lo6 ( d i s c )  
1.09 x lo6 ( d i s c )  
1.13 x 10 6 ( d i s c )  
a .  S t r e s s  r a t i o  = -1. 
b .  S t r e s s  concen t r a t ion  K = 3.5. 




















1.29 x 10 6 







1.42 x 10 
1.21 x 10 
1.32 x 10 
1.09 x 10 
1.18 x 10 
1.13 x 10 
Mar tin-CR- 65 -70 
Table B-35 Fatigue Propertiesa of Welded Inconel 718 Nickel Alloy 
70 "F 
Maxinum 
Cension S t r e s s  



















Cycles t o  Fa i lu re  
1.00 x 10 














4.00 x 10 
1.00 x 10 b 
2.00 x 10 c 
9.00 x 10 
7.00 x 10 d 
1.50 x 10 e 
2.20 x 10 
1.41 x 10 
3.30 x 10 






1.11 x 10 (d isc)  
1.14 x 10 (disc) 
1.14 x 10 (d isc)  




Tension St ress  


















Cycles t o  Fa i lu re  
2.20 x 10 
4.10 x 10 
5.60 x 10 
1.40 x 10 
1.61 x 10 f 
2.64 x 10 g 
4.24 x lo4 h 
4.43 x 10 
7.52 x 10 
4.71 x 10 
3.05 x 10 
1.42 x 10 
1.73 x 10 
4.43 x 10 
1.11 x 10 (d i sc )  
1.11 x 10 (d isc)  


















Tension S t r e s s  


















Cycles t o  Fa i lure  
~ 
1.00 x l o3  i 
5.00 x lo3 j 
6.00 x lo3 k 
8.00 x 10 3 
4 
4 
2.10 x 10 







6.50 x 10 
8.20 x 10 
1 . 7 1  x 10 
2.87 x 10 
1.46 x 10 
1.05 x 10 6 (d isc)  
1.07 x 10 6 (d isc)  
1.00 x 10 6 (disc) 
1. S t r e s s  r a t i o  ( R )  = -1. 
I t h ru  k. Specimen previously run a t  ind ica ted  s t r e s s  fo r  number of cyc les  shown without f a i l u r e .  
S t r e s s  











b 30.0 1.30 x 10 
C 30.0 1.14 x 10 
d 30.0 1.14 x 10 
e 34.0 1.11 x 10 
f 45 .O 1.15 x 10 
g 45.0 1.11 x 10. 
h 45.0 1.11 x 10 
j 50.0 1.00 x 10 
i 55.0 1.05 x 10 








Tension S t r e s s  













a .  S t r e s s  r a t i  
Cycles t o  F a i l u r e  
3 1.00 x 10 
2.00 x l o 3  b 
5.00 x 10 3 
6.00 lo3 
1.58 lo5 





4.03 x 10 
7.40 x 10 
1 . 1 7  x 10 
1.20 x 10 
9.28 x 10' 
6 1.90 x 10 (d i sc )  
( R )  = -1. 
Maximum 
Tension S t r e s s  





















6.70 x 10 
2.25 x 10 
7.00 x 10 c 
1.00 x lo3 d 
2.77 x LO 
7.08 x LO 
2.00 x 10 e 
7.15 x 10 






7.35 lo5  
9.57 lo5  
1.18 x lo6 ( d i s c )  
1.18 x lo6 ( d i s c )  
1.28 x 10 





:ension S t r e s s  














Cycles t o  F a i l u r e  
1.00 x 10 f 








1.40 x 10 h 
4.10 x 10 
3.30 x 10 




2.97 x 10 
2.80 x 10 
1.00 x 10 ( d i s c )  
1.02 x lo6 ( d i s c )  
1.07 x 10 ( d i s c )  6 
b t h r u  h .  Specimen previously run a t  i n d i c a t e d  s t r e s s  f o r  number of  c y c l e s  shown without  f a i l u r e .  





46 .O 1.90 x 10 
60.0 1.69 x 10 
75.0 1.18 x 10 
75.0 1.18 x 10 
90.0 1.02 x lo6 
6 
6 
90.0 1.00 x 10 
90.0 1.07 x 10 
Martin-CR- 65-70 




Lension S t r e s s  


















3.00 x 10 
1.00 x 10 c 
7.00 x 10 
1.00 x lo4 d 
1.60 x 10 




5.05 lo5  
5 3.17 x 10 
1.07 x lo6 
6 1.53 x 10 
1.15 x lo6 ( d i s c )  




Tension S t r e s s  















Cycles t o  F a i l u r e  
~~~~ 
3 3.00 x 10 e 
9.0 x 10 3 
9.2 lo3 f 
2.89 lo4 
5.72 lo4  
1.49 lo5 
6.62 lo5 
4 1.12 x 10 
4 1.37 x 10 
5 1.99 x 10 
5 
6 
6.28 x 10 
1.16 x 10 (d i sc )  
1.13 x lo6 (d i sc )  
1.46 x 10 6 
-423'F 
Maximum 
Tension S t r e s s  




















Cycles t o  F a i l u r e  
3 2.00 x 10 g 
7.00 x lo3 h 
7.00 x 10' i 
1.60 x 10 4 
4 
4 
1.90 x 10 




5.60 x 10 





6.25 lo5  
5 5.09 x 10 
5 3.90 x 10 
1.02 x lo6 (d i sc )  
1.07 x lo6 (d i sc )  
1.12 x lo6 ( d i s c )  
I .  S t r e s s  r a t i o  (R) = -1. 
). S t r e s s  concen t r a t ion  (K ) = 3.5. 



















6 1.15 x 10 
6 1.12  x 10 
6 1.16 x 10 
1.13 x lo6 
1.12 x lo6 
6 
6 
1.07 x 10 
1.02 x 10 
B -38 
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Table B-38 Fa t igue  P rope r t i e sa  of  Welded Has te l loy  C Nickel Alloy 
70 "F 
Maximum 
'ension S t r e s s  

















Cycles t o  F a i l u r e  
2.00 x 10 




3.00 x lo3 b 
3 5.00 x 10 c 
3 9.00 x 10 d 
4 3.00 x 10 
4 1.30 x 10 
6.90 x LO4 
2.03 lo5 
5 5.58 x 10 
5.20 x l o 2  
6.79 lo5  
1.14 x LO6 ( d i s c )  
1 .17  x LO6 ( d i s c )  




Tension S t r e s s  



















Cycles to  F a i l u r e  
3 
5.50 x 10 
6.00 x 10 3 
4.09 x 10 4 





4.55 x 10 e 
3.34 x 10 
6.99 x 10 f 





4.41 x 10 
1.01 x 10 
5.71 
7.56 lo5 
1 .12  x lo6 ( d i s c )  
1.13 x LO6 ( d i s c )  




Tension S t r e s s  
















Cycles t o  F a i l u r e  
3 1.00 x 10 h 
9.00 x lo3 i 
1.00 lo3 
1.70 lo4 




2.20 x 10 
1.16 x 10 





5.00 x 10 
1.04 x lo6 ( d i s c )  
1.00 x IO6 (d i sc )  
1.01 x lo6 ( d i s c )  
. S t r e s s  r a t i o  (R) = -1. 
th ru  j .  Specimen previously run  a t  i nd ica t ed  s t r e s s  f o r  number of cyc le s  shown wi thout  f a i l u r e .  
Footnote S t r e s s  (1000 p s i )  Cycles 
b 35.0 1.14 x lo6 
6 
C 35.0 1 . 1 7  x 10 
d 35.0 1.19 x lo6 
6 
6 
50.0 1.13 x LO6 
6 
e 50.0 1.16 x 10 
f 50 .O 1 . 1 2  x 10 
h 55.0 1.00 x 10 
i 55.0 1.01 x 106 
6 
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